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Commissioner for Patents 
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Alexandria, VA 22313-1450 

Dear Sir: 

I, John K Fraser, Ph.D., declare and state as follows: 

1 . I am one of the named inventors on the above-captioned patent application, and 
am familiar with its contents. I am currently Principal Scientist at Cytori Therapeutics, Inc., 
("Cytori") the assignee of the above-captioned application. Cytori develops adipose derived stem 
and regenerative cell based therapies. In particular, Cytori is dedicated to providing patients with 
new options for reconstructive and cosmetic surgery. I have been associated with Cytori since 
2001. 

2. I received a Ph.D. from the University of Otago, New Zealand in 1988 and have 
worked in the field of stem cell therapy since then. Through the course of my career, I have 
published at least 34 articles in peer-reviewed scientific journals. I am also a named inventor on 
at least 22 U.S. Patents and Patent Applications. A copy of my curriculum vitae is attached 
hereto as Exhibit A. 

3. I am familiar with the above-captioned application as well as the Office Action 
dated October 9, 2007. 
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4. More than one million women worldwide are diagnosed with breast cancer 
annually, including more than 370,000 women in Europe and more than 240,000 in the United 
States. A growing percentage of these women are eligible for partial versus full mastectomies. 
However, partial mastectomy often results in irregular tissue loss in the breast for which these 
women have few, if any, reconstructive options. One of Cytori's primary corporate goals is the 
development of tissue implants that are suitable for reconstructing breast tissue in these patients. 
In order to be suitable for these patients, however, it is imperative that the tissue implant be 
retained in the body over time. Ideally, the implant should also have the characteristics of native 
soft tissue. Furthermore, the implant should be made of a material that is either approved for 
human use or would pose only minimal regulatory concerns. 

5. As of the effective filing date of the instant application, those in the field of 
cosmetic and reconstructive surgery widely recognized the need for a tissue implant meeting the 
criteria above that was suitable for patients undergoing partial mastectomy. At the time, 
however, many in the field acknowledged that existing approaches for tissue implants generally 
were "unsatisfactory in outcome and presented unsolved problems."' For example, although 
silicone and water-filled breast implants are generally soft and stable in the body (at least in the 
absence of capsular contraction, leakage, or other complication), they are synthetic and generally 
preformed and typically do not address the needs of partial mastectomy patients who generally 
experience irregular tissue loss (making a preformed silicone implant unsuitable). Accordingly, 
as of the effective filing date of the instant application, a suitable tissue implant for patients with 
a partial mastectomy, i.e., one that provides the characteristics of native soft tissue, is retained in 
the body over time and poses only minimal regulatory concerns^ remained an unmet need. 

6. Another one of Cytori's corporate goals is the development of tissue implants that 
are suitable for cosmetic applications generally, including breast augmentation and repair of soft 
tissue defects. As of the effective filing date of the instant application, those in the field of 
cosmetic surgery for breast augmentation and other soft tissue defects recognized the need for a 
tissue implant meeting the criteria above, i.e., one that provides the characteristics of native soft 
tissue, is retained in the body over time and poses only minimal regulatory concerns. Towards 
that end, investigators in the field have tried various techniques. Some of the techniques even 
employed adipogenic cells. However, the results were less than favorable. Exemplary studies 
are described in the journal articles listed in Table 1, annexed hereto as Exhibit B, wherein a 
mixture of adipose progenitor cells isolated fi-om intact, non-disaggregated adipose tissue, and an 
acellular lattice were used. Although the investigators reported that the implantation of 
adipogenic cells on such a matrix or scaffold lead to the formation of tissue that resembled 
adipose tissue in vivo, the tissue was not stable and the volume of the implant declined rapidly 
over time. Accordingly, as of the effective filmg date of tiie instant application, a suitable tissue 
implant for cosmetic and soft tissue repair that provides the characteristics of native soft tissue, is 



1 Masuda,T., Furue,M. & Matsuda,T. Photocured, styrenated gelatin-based microspheres for de novo adipogenesis 
through corelease of basic fibroblast growth factor, insulin, and insulin-like growth factor I. Tissue Eng 10, 523-535 
(2004). 
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retained in the body over time and poses only minimal regulatory concerns remained an unmet 
need despite the efforts of these investigators. 

7. Other techniques at the time of the effective fihng date of the instant application 
involved seeding cells within Matrigel or on biocompatible lattices such as polymeric materials 
(e.g., glycolic acid, lactic acid, propyl fumarate, etc.). These approaches have since been shown 
to be incapable of producing a long-lasting soft tissue filler, as indicated in the references 
provided in Table 1. For example, Patrick et al.^ used cultured preadipocytes seeded on a 
polylactide disk and, in what the authors described as a short-term in vivo study, demonstrated 
the presence of adipocytes four weeks following implantation. However, when the same group 
evaluated long term retention of the tissue^ they reported that the amount of adipose tissue 
peaked at two months was substantially reduced (to approximately 40% of peak level) by three 
months, and was totally absent at all time points between five and twelve months. Thus, while 
these authors could generate adipose tissue with their implant in the short-term, they were unable 
to retain this tissue in the long term, i.e., at or beyond five months, This is particularly important 
because the vast majority of studies evaluating adipose tissue generation and retention generally 
do not evaluate any time point after two months (see, Table 1). Those studies that have 
evaluated longer time points show either loss of the graft,'* substantial reduction in the volume of 
the implant ^, or techniques that are not suitable for the clinic^. For example, Schoeller et. al.^ 
detected adipose tissue-like tissue 12 months after placing a preadipocyte/fibrin glue mixture in a 
surgically created intramuscular capsule. Specifically, they created a capsule by temporarily 
implanting a silicone block into the muscle, removing the block and filling the resulting capsule 
with the mixture. This approach fails in the clinic however because it involves multiple surgical 
procedures which are clearly not suitable for repair of a soft tissue defect. Torio-Padron et al.'' 
have also demonstrated the presence of detectable adipose tissue-like tissue twelve months after 
subcutaneous implantation of preadipocytes in a fibrin glue. However, the volume of this 
material was considerably reduced such that at 3-4 weeks after implantation only 50% of the 
original volume of implanted material was present. This is consistent with the findings of Cho et 
al,8 who also used a fibrin glue/preadipocyte mixture and found 10-30% retention of volume at 



2 Patrick,C.W., Jr., Chauvin,P.B., HobleyJ. & Reece,G.P. Preadipocyte seeded PLGA scaffolds for adipose tissue 
engineering. TissueEngS, 139-51 (1999). 

3 Patrick,C.W., Jr., Zheng,B., Johnston,C. & Reece.G.P. Long-term implantation of preadipocyte-seeded PLGA 
scaffolds. Tissue Eng 8, 283-293 (2002). 

5 Torio-Padron.N., Baerlecken.N., Momeni.A., Stark,G.B. & Borges,J. Engineering of adipose tissue by injection of 
human preadipocytes in fibrin. Aesthetic Plast Surg 31, 285-293 (2007). 

^ Schoeller,T. et al. Histomorphologic and volumetric analysis of implanted autologous preadipocyte cultures 
suspended in fibrin glue: apotential new source for tissue ?L\x^entzt\oa. Aesthetic Plast Surg 2S, 57-63 (2001), 

' Torio-Padron, supra. 

* Cho.S.W. et al. Engineering of volume-stable adipose tissues. Biomaterials 26, 3577-3585 (2005). 
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six weeks. A later study by the same group found that the volume could be retained at six weeks 
by implanting the fibrin glue/preadipocyte/groMh factor combination within a rigid protective 
structure^. However, the authors of this study did not evaluate later time points or the impact of 
removing the rigid structure once the implant had formed. Furthermore, implantation of a rigid 
structure is clearly inconsistent with repair of a soft tissue defect. 

8. The exception to the trend of reduced volume over time is found in studies by 
groups that have applied vascular surgical techniques to provide a dedicated blood supply to the 
developing graft. In these studies Matrigel (an extract derived from the Engelbreth-Holm- Swarm 
mouse tumor cell line) was supplemented with basic Fibroblast Growth Factor (bFGF) and 
implanted into a silicone sheath placed around the superficial inferior epigastric vessels (or a tied 
off femoral vessel)'^' n that had been surgically exposed such that they were now feeding the 
implant. Host-derived cells invade the implant and form adipose tissue that was stable to at least 
four months '2. However, this approach has a number of disadvantages compared to the mixtures 
claimed in the instant application. First, Matrigel is an extract derived from a mouse tumor cell 
line and is not approved for human use. Supplementation with recombinant bFGF (a necessary 
part of robust adipose tissue generation in this model) is costly and comes with additional 
regulatory concerns. Furthermore, while this approach generates a volume-stable implant it also 
applies a semi-rigid silicone dome that becomes filled with adipose. It is also limited to areas in 
which an adjacent blood supply can be essentially high-jacked to feed the implant. Therefore, 
while this approach offers the advantage of retention of adipose tissue, it is largely not applicable 
in the clinic and fails to provide a flexible alternative to the needs of cosmetic and reconstructive 
surgery. In particular, this approach requires vascular surgical intervention, which is not an 
available option in many instances. 

9. The Katz reference (U.S. Patent No. 6,777,231) is characteristic of the studies as 
of the effective filing date of the instant application, such as those listed in Table 1. Katz teaches 
that it is most desirable to completely isolate stem cells from other components present in intact, 
non-disaggregated, adipose tissue such as adipocytes, red blood cells, stromal cells, etc. as well 
as exfracellular mafrix material. Katz describes seeding the isolated cells on an acellular lattice, 
such as those described in the references in Table 1. {See, Katz at Col. 10, line 27 - Col. II, line 
36). 



^ Cho.S.W. et al. Enhancement of adipose tissue formation by implantation of adipogenic-differentiated 
preadipocytes. Biochem Biophys Res Commun 345, 588-594 (2006). 

Cronin.K.J. et al. New murine model of spontaneous autologous tissue engineering, combining an arteriovenous 
pedicle with matrix materials. Plast Recomtr Surg 113, 260-269 (2004). 

Walton,R.L., Bealim,E.K. & Wu,L, De novo adipose formation in a vascularized engineered construct. 
Microsurgery 24, 378-384 (2004). 

'2 Walton,R.L., supra. 
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10. The Peterson reference (U.S. Patent No. 6,200,606) is also characteristic of the 
state of the art as of the effective filing date of the instant application. Peterson relates to the 
isolation of stem cells from various sources, including adipose tissue. Peterson emphasizes that 
in order to isolate stem cells from adipose tissue, the tissue must be processed and completely 
disaggregated to produce cell suspensions. Peterson also discusses combining isolated stem cells 
with a biocompatible carrier material or a prosthetic device. (See, Peterson at Col. 11, line 29- 
Col. 12, line 30). The biocompatible carrier material and prosthetic devices enumerated in the 
Peterson reference are similar to or identical to the carriers described in the references listed in 
Table 1. 

11. In short, published studies demonstrate that the neither the compositions alone nor 
the combination of the compositions and the carriers or support materials described in Katz and 
Peterson are suitable for use as tissue implants for cosmetic or reconstructive surgery. 

12. In contrast to the methods described in Katz, Peterson, and the references set forth in 
Table 1, Cytori has developed a tissue implant that comprises a mixture of a concentrated cell 
population comprising adipose-derived stem cells and unprocessed adipose tissue that comprises 
intact, non-disaggregated, tissue fragments. This mixture is the subject of the instant patent 
application. 

13. The mixture provided in the present patent application addresses the unmet need 
in the field for a suitable tissue implant that provides the characteristics of native soft tissue, is 
retained in the body over time and poses only minimal regulatory concerns. The mixture in the 
present patent application also provides an unexpected improvement over the approaches taught 
by Katz, Peterson and the studies described in the references listed in Table 1, which stress the 
importance of utilizing purified stem cells for seeding onto a support material. For instance. 
Example 1 of the instant specification demonstrates the unexpected benefits of using mixtures of 
concentrated adipose-derived stem cells and unprocessed adipose tissue. Specifically, Example 1 
describes a set of experiments that led to the surprising discovery that graft weight and 
vascularity of fat implants can be improved by mixing unprocessed adipose tissue and isolated 
preparations of adipose-derived cells comprising stem cells and progenitor cells. 

14. The results of the studies in Example 1 of the instant specification were confirmed 
in a human clinical trial. Briefly, twenty-one (21) female patients aged from 29 to 59 (mean 

46.9) years underwent 25 stem cell augmented reconstructions at the Department of Breast 
Surgery, Kyushu Central Hospital, Fukuoka, Japan. All patients previously received breast 
conservation therapy ("BCT") for breast cancer. Subsequent to the surgical treatment, 19 
patients also received radiation therapy in doses ranging between 50 - 60 Gy (mean 53 Gy). All 
patients were deemed free of any local recurrence or distant metastasis for > 13 months following 
BCT. The volume of autologous adipose derived stem cell-enhanced fat transplant for each 
patient was determined by clinical evaluation including assessment of the volume defect at the 
time of screening, the severity of radiation damage present and an assessment of residual scarring 
and fibrosis in the affected breast. 



Application No.: 10/614,648 
Filing Date: July 7, 2003 



15. Under general anesthesia, adipose tissue (approximately twice the estimated 
volume to be used for reconstruction) was harvested by lipoaspiration using standard tumescent 
technique. Aspirated adipose tissue was divided into two equal portions; one portion, referred to 
as "Fat A", was reserved for processing in the cell processing system described in the instant 
patent application to extract, wash and concentrate adipose derived stem cells; the other portion, 
"Fat B", was used as the primary filler material. Concurrent to the processing of "Fat A", "Fat B" 
was irrigated to remove any blood, and the remaining adipose tissue, which had been fragmented 
into numerous 2 - 5 mm fragments by the lipoaspiration procedure, was enriched with 
concentrated adipose-derived stem cells out of the cell processing device by gentle mixing 
immediately prior to the autologous transplantation procedure. 

16. After local anesthesia around the recipient site on the breast, three 2 mm incisions 
were made at strategically selected areas, and the autologous adipose derived stem and 
regenerative cell (ADRC) enhanced fat graft was injected in 0.1 - 0.2 cc aliquots using a 2.5 cc 
syringe with a 14-gauge needle. Areas of BCT post operative scarring and radiation fibrosis were 
incised by multiple 14-gauge needle passes. This resulted both in releasing subcutaneous fibrotic 
areas and in creating physical spaces to receive the autologous ADRC-enhanced fat graft. After 
the best possible cosmetic result was achieved, each incision was closed with 6-0 nylon suture. 

17. Follow-up was performed at one week, 1,3, and 6 months after treatment. Data 
collected at each follow-up visit included clinical examination of the transplantation site(s), 
photography for historical comparison, a patient questioimaire to measure the outcome firom the 
patient's perspective, and an assessment of breast tissue thickness using t-mode ultrasound. 

18. The tissue thickness measurement (TTM) was done using the SSA-700A Aplio 
(Toshiba, Japan) ultrasound machine at 3 and 6 months post-procedure. TTM were taken at the 
most prominent area of the scar where the autologous ADRC-enhanced fat transplant was 
performed using 2-D ultrasound. TTM represents the change in tissue thickness between the skin 
surface and the pectoralis major muscle surface from baseline to follow up. There was a 
statistically significant improvement in mean TTM at 1 month compared to baseline {p < 0.05, t- 
test). There was no significant loss of benefit from 1 month to final measurement {p = NS), 
which ranged from two to eighteen months (mean, 1 1 months). Patient satisfaction measured by 
self assessment was 79%. The results are presented in graphical form below. 

1 9. In short, the clinical data provide objective evidence that the mixtures claimed in 
the instant patent application solved the long felt problem of providing a tissue implant that 
retains its volume and shape over time, while providing the characteristics of soft tissue, that are 
also acceptable for human use. 
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20. A 2004 study by Masuda et al. reports that the addition of isolated, cultured 
adipogenic cells to fragmented omentum (adipose tissue) resulted in improved graft retention at 
twelve weeks, when compared to implantations of fragmented omentum tissues aloneis While 
the mixtures claimed in the instant application use fresh stem cells, which obviate the need and 
regulatory concerns regarding cell culture posed by the Masuda composition, this later-published 
study provides further confirmatory evidence that that addition of a population of cells 
comprising preadipocytes (e.g., adipose-derived stem cells) to unprocessed omentum (or adipose) 
tissue, improves graft retention. 

21. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information or belief are believed to be true, and further that 
these statements were made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1 00 1 of Title 18 of the United 
States Code and that such willful statements may jeopardize the validity of the application or any 
patent issued thereon. 



By:, 



Date: . 



..^5/uda,T.. Fume,M. & Matsuda,T. Novel strategy for soft tissue augmentation based on transplantation of 
fragmented omentum and preadipocytes. Tissue Eng 10, 1672-1683 (2004). 
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EXHIBIT A 



CURRICULUM VITAE 

John K. Fraser, Ph.D. 

E-MAIL: Jfraser@CytoriTx.com 
TEL. 858-875-5262 

Present position 

12/06-Prescnt Principal Scientist: Cytori Therapeutics Inc 
Previous Employment 

7/05-12/06 Consultant, John K. Fraser Consulting: Clients include Cytori Therapeutics Inc, NIH, 

American Institute of Biological Sciences 
11/02-7/05 Vice President Research and Technology, Macropore Biosurgery Inc (now Cytori 

Therapeutics Inc.) 

08/0 1-1 1/02 Chief Scientific Officer, StemSource hic (merged with Macropore 1 1/02) 

08/95-07/03 Director, UCLA Umbilical Cord Blood Bank, Division of Hematology-Oncology, 

Department of Medicine, UCLA School of Medicine, Los Angeles, CA 
7/94-7/96 Co-Director, Bone Marrow and Stem Cell Transplant Laboratory, Division of 

Hematology-Oncology, Department of Medicine, UCLA School of Medicine, Los 

Angeles, CA. 

7/01-07/03 Adjunct Associate Professor, Division of Hematology-Oncology, Department of 

Medicine, UCLA School of Medicine, Los Angeles, CA. 
7/94-7/01 Assistant Professor in Residence, Division of Hematology-Oncology, Department of 

Medicine, UCLA School of Medicine, Los Angeles, CA, 
05/92-07/94 Assistant Research Biologist, Division of Hematology-Oncology, Department of 

Medicine, UCLA School of Medicine, Los Angeles, CA, 



Education 

1988-1992 University of California, Los Angeles 

Post-Doctoral Fellowship (Hematology-Oncology) 
1979-1981 Victoria University of Wellington, New Zealand 

BSc (Biochemistry and Physiology) 
1982-1988 University of Otago, New Zealand 

PhD (Hematology) 



Other relevant Experience 

2/02-07/03 Vice Chair, UCLA Medical Institutional Review Board #1 (M-IRB #1) 

07/96-02/02 Member, UCLA Medical Institutional Review Board # 1 (M-IRB # 1 ) 

NIH Review Committees 
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5/98, 5/00 Member, NHLBI Special Emphasis Cord Blood Review Panel; "Sibling Donor Cord 

Blood Banking and Transplantation" 
6/0 1 and 12/05 Member, NCI Site Visit Review Team; "Optimizing Stem Cell Transplant" 
3/03 Member NIH-NHLBI Special Emphasis Panel: Stem Cell Biology and Cell-Based 

Therapies of Heart, Lung, Blood and Sleep Disorders 



Peer-reviewed publications 

1. FraserJ.K., Wulur,!., Alfonso,Z,, 2hu,M. & Wheeler,E.S. Differences in stem and progenitor cell yield in 
different subcutaneous adipose tissue depots. Cytotherapy 9, 459-467 (2007). 

2. FraserJ.K., Wulur.I., Alfonso.Z. & Hedrick,M.H. Fat tissue: an underappreciated source of stem cells for 
biotechnology. Trends Biotechnol 24, 150-154(2006). 

3. FraserJ.K. et al. Plasticity of human adipose stem cells toward endothelial cells and cardiomyocytes. Nat Clin 
PractCardiavascMedZ Suppl 1, S33-S37 (2006). 

4. Kurtzberg,J. et al. Results of the cord blood transplantation (COBLT) study unrelated donor bankmg 
program. Transfusion 45, 842-855 (2005). 

5. Strem,B.M. et al. Expression of cardiomyocytic markers on adipose tissue-derived cells in a murine model of 
acute myocardial injury. Cytotherapy 7 , 282-291 (2005). 

6. Strem,B.M. et al. Multipotential differentiation of adipose tissue-derived stem cells. Keio J Med 54, 132-141 
(2005). 

7. Fraser.J.K., Schreiber,R.E., Zuk,P.A, & Hedrick,M.H. Adult stem cell ther^y for the heart. Int J Biochem. 
Cell Biol 26, 658-666 (2004). 

8. LendeckeljS. et al. Autologous stem cells (adipose) and fibrin glue used to treat widespread traumatic 
calvarial defects: case report. J Craniomaxillofac. Surg 32, 370-373 (2004). 

9. De Ugarte,D.A. et al. Differential expression of stem cell mobilization-associated molecules on multi-lineage 
cells from adipose tissue and bone marrow. Immunol. Lett. 89, 267-270 (2003). 

10. De Ugarte,D.A. et al. Comparison of multi-lineage cells from human adipose tissue and bone marrow. Cells 
Tissues Organs 174, 101-109 (2003). 

1 1 . Fraser, J.K. Adipose tissue: challenguig the marrow monopoly. Cytotherapy 4, 509- 1 0 (2002). 

12. Kim,S,K, et al. Ex vivo expansion and clonality of CD34+ selected cells fix)m bone marrow and cord blood in 
a serum-free media. Mol Cells 14, 367-73 (2002). 

13. Zuk,P.A. et al. Human adipose tissue is a source of multipotent stem cells. Mol Biol Cell 13, 4279-95 (2002). 

14. Ryu,K,H. et al. Apoptosis and megakaryocytic differentiation during ex vivo expansion of human cord blood 
CD34+ cells using thrombopoietin. Br. J Haematol. 113, 470-478 (2001). 

15. Ziegner,U.H. et al. Unrelated umbilical cord stem cell transplantation for X-linked immunodeficiencies. J 
Pediatr. 138, 570-573 (2001). 

16. Fuiler,J,F. et al. Characterization of HOX gene expression during myelopoiesis; role of HOX A5 in lineage 
commitment and maturation. Blood93, 3391-3400 (1999). 

17. Walker,L, et al. The Notch/Jagged pathway inhibits proliferation of human hematopoietic progenitors in vitro. 
Stem Cells 17, 162-171 (1999). 

18. Fraser, J.K. et al. Cord Blood Transplantation Study (COBLT): cord blood bank standard operating 
procedures [see comments]. JHematother 1, 521-61 (1998). 

19. Koka,P.S. et al. Human unmunodeficiency virus inhibits multilmeage hematopoiesis in vivo. J Virol. 72 
5121-5127(1998). 

20. FraserJ.K., Sugarman.J., McCurdy,P.R., Martin.N.L. & Ammami,A.J. Scientific, logistical, and ethical issues 
related to creation of a stem cell repository for use in experimental trials of gene therapy for AIDS. Aids Res 
Hum Retroviruses 13, 905-7 (1997). 

21. Rettig.M.B. et al. Kaposi's sarcoma-associated herpesvirus infection of bone marrow dendritic cells from 
multiple myeloma patients [see comments]. Science 276, 1851-4 (1997). 

22. Feuer,G. et al. Human T-cell leukemia virus infection of human hematopoietic progenitor cells: maintenance 
of virus infection during differentiation in vitro in vivo. J Virol 70, 4038-44 (1996). 
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23. FraserJ.K,, Lill.M.C. & Figlin,R,A. The biology of the cytokine sequence cascade. Semin Oncol 2-S (1996). 

24. Fraser,J.K., Tran,S., Nimer,S.D. & Gasson.J.C. Characterization of nuclear factors that bind to a critical 
positive regulatory element of the human granulocyte-macrophage colony-stimulating factor promoter. Blood 
84, 2523-30(1994). 

25. Fraser,J.K. et al. Characterization of a cell-type-restricted negative regulatory activity of the human 
granulocyte-macrophage colony-stunulating factor gene. Mol Cell Biol 14, 2213-21 (1994). 

26. LiIl,M. et al. Ex vivo production and expansion of fiinctional myeloid cells from CD34 selected hematopoietic 
progenitor cells. Stem Cells 12, 626-637 (1994). 

27. Sakamoto.K.M., Fraser,J.K., Lee,H,J,, Lehman,E- & Gasson,J.C. Granulocj^te-macrophage colony-stimulating 
factor and interleukin-3 signaling pathways converge on the CREB-binding site in the human egr-1 promoter. 
Mol Cell Biol 14, 5975-85 (1994). 

28. Gasson,J.C., Fraser,J.K. & Nimer,S,D. Human granulocyte-macrophage colony-stimulatuig factor (GM-CSF); 
regulation of expression. Prog. Clin Biol Res 338, 27-41 (1990), 

29. Nimer,S., Fraser,J., Richards,!., Lynch,M. & Gasson,J. The repeated sequence CATT{A/T) is required for 
granulocyte-macrophage colony-stunulating factor promoter activity. Mol Cell Biol 10, 6084-6088 (1990). 

30. Fraser,J.K., Tan,A.S., Lin,F.K. & Berridge,M.V. Expression of specific high-affinity binding sites for 
erythropoietin on rat and mouse megakaryocytes. Exp Hematol 17, 10-16 (1989). 

31. McCaffery,P.J., Fraser,J.K., Lin,F.K. & Berridge,M. V. Subunit structure of the erythropoietin receptor. J Biol 
ChemlM, 10507-10512 (1989). 

32. Fraser.J.K., Nicholls.J., Coffey,C., Lin,F.K. & Berridge,M.V. Down-modulation of high-affinity receptors for 
erythropoietin on murine erythroblasts by interleukin 3. Exp Hematol 16, 769-773 (1988). 

33. Fraser.J.K,, Lin.F.K. & Berridge,M.V. Expression of high affmity receptors for erythropoietin on human bone 
marrow cells and on the human erythroleukemic cell line, HEL. Exp Hematol. 16, 836-842 (1988). 

34. Fraser.J.K. & Berridge,M.V. Induction of B-lymphocyte antigens on the chronic myeloid leukemic cell line 
K562 using sodium butyrate. Exp Hematol. 15, 406-413 (1987). 
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EXHIBIT B 



Table 1 

Summary of Published Studies of Adipose Tissue Implants 
Using Scaffolds or Collagen 



Reference 


Model 


Longest Time 
Evaluated 


PatrickjC.W., Jr., Zheng,B-5 Johnston,C, & 
Reece,G.P. Long-tenn implantation of 
preadipocyte-seeded PLGA scaffolds. Tissue 
EngS, 283-293 (2002). 


Polylactide scaffold with 
cultured preradipocytes 


12 months 


Tabata,Y. et al. De novo formation of adipose 
tissue by controlled release of basic fibroblast 
growth factor. Tissue Eng 6, 279-289 (2000). 


Matrigel and bFGF (no donor 
cells) 


6 weeks 


Kimura,Y., Ozeki,M., InamotoJ. & Tabata,Y. 
Adipose tissue engineering based on human 
preadipocytes combined with gelatin 
microspheres containing basic fibroblast 
growth factor. Biomaterials 24, 2513-2521 
(2003). 


bFGF collagen sponge plus 
preadipocytes 


6 weeks 


HemmrichjK. et al Implantation of 
preadipocyte-loaded hyaluronic acid-based 
scaffolds into nude mice to evaluate potential 
for soft tissue engineering. Biomaterials 26, 
7025-7037 (2005). 


Preadipocytes ion hyaluronic 
scaffolds 


12 weeks 


von Heimburg, D. et al. Human preadipocytes 
seeded on freeze-dried collagen scaffolds 
investigated in vitro and in vivo. Biomaterials 
22,429-38(2001). 


Preadipocytes on freeze-dried 
collagen 


8 weeks 


Masuda,T., Furue,M. & Matsuda,T. 
Photocured, styrenated gelatin-based 
microspheres for de novo adipogenesis through 
corelease of basic fibroblast growth factor, 
insulin, and insulin-like growth factor I, Tissue 
Eng 10, 523-535 (2004) 


Multiple growth factors in 
gelatin beads (no cells) 


4 weeks 


Walton,R.L., Beahm,E.K. & Wu.L. De novo 
adipose formation in a vascularized engineered 
construct. Microsurgery 24, 378-384 (2004). 


Matrigel plus bFGF on a 
vascular pedicle 


1 6 weeks 
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Reference 


Model 


Longest Time 
Evaluated 








Cronin,K.J. et al. New murine model of 
spontaneous autologous tissue engineering, 
combining an arteriovenous pedicle with 
matrix materials. Plast Reconstr Surg 113, 
260-269 (2004). 


Scaffold on a vascular pedicle 


6 weeks 


Cho,S.W. et al Engineering of volume-stable 
adipose tissues. Biomaterials 26, 3577-3585 
(2005). 


Preadipocytes in fibrin glue 
within a polylactide shell 


6 weeks 


Masuda,T., Furue,M. & Matsuda,T. Novel 
strategy for soft tissue augmentation based on 
transplantation of firagmented omentum and 
preadipocytes. Tissue Eng 10, 1672-1683 
(2004). 


Fragmented omentum (adipose) 
with and without preadipocytes 


12 weeks 


Alhadlaq.A., Tang,M. & Mao,JJ. Engineered 
adipose tissue from human mesenchymal stem 
cells maintains predefined shape and 
dimension: implications in soft tissue 
augmentation and reconstruction. Tissue Eng 
11,556-566 (2005). 


Culture differentiated MSG on 
a hydrogel 


4 weeks 


Choi,Y.S., Park,S.N. & Suh,H. Adipose tissue 
engineering using mesenchymal stem cells 
attached to injectable PLGA spheres. 
Biomaterials 26, 5855-5863 (2005). 


Cultured MSG on polylactide 
spheres 


2 weeks 


Cho.S.W. et al. Enhancement of adipose tissue 
formation by implantation of adipogenic- 
differentiated preadipocytes. Biochem Biophys 
Res Commun 345, 588-594 (2006). 


Preadipocytes in fibrin glue 
with or without bFGF 


6 weeks 


Choi,Y.S, et al. Adipogenic differentiation of 
adipose tissue derived adult stem cells in nude 
mouse. Biochem Biophys Res Commun 345, 
631-637(2006). 


ADSC and PLGA 


8 weeks 


Clavijo-Alvarez,J.A. et al. A novel 
perfluoroelastomer seeded with adipose- 
derived stem cells for soft-tissue repair. Plast 
Reconstr Surg 118, 1132-1 142 (2006). 


Fluoropolymer with ADSC 


30days 
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■ iModei : : WMM':'::Mms^ 


iLongest Time 






^Evaluated 


Hong,L., Peplan,I.A., Colpan,A, & Daw.J.L. 
Adipose tissue engineering by human adipose- 
derived stromal cells. Cells Tissues Organs 
183, 133-140 (2006). 


Gelatin sponge with ADSC 


4 weeks 


Wu,X., Black,L., Santacana-LaffittcG. & 
Patrick,C.W., Jr. Preparation and assessment 
of glutaraldehyde-crosslinked collagen- 
chitosan hydrogels for adipose tissue 
engineering. J Biomed Mater Res A 81, 59-65 
(2007). 


glutaraldehyde-crosslinked 
collagen-chitosan hydrogels 
and preadipocytes 


14 days 


Stosich,M.S. & Mao,J.J. Adipose tissue 
engineering from human adult stem cells: 
clinical implications in plastic and 
reconstructive surgery. Plast Reconstr Surg 
119, 71-83 (2007). 


Hydrogel or collagen with MSG 


4 weeks 


Torio-Padron,N., Baerlecken,N., Momeni.A., 
Stark,G.B. & BorgesJ. Engineering of adipose 
tissue by injection of human preadipocytes in 
fibrin. Aesthetic Plast Surg 31, 285-293 

(2007). 


Fibrin glue with cultured 
preadipocytes 


12 months 


Schoeller,T. et al. Histomorphologic and 
volumetric analysis of implanted autologous 
preadipocyte cultures suspended in fibrin glue: 
a potential new source for tissue augmentation. 
Aesthetic Plast Surgli, 57-63 (2001). 


Fibrin glue with cultured 
preadipocytes in a surgically- 
created intramuscular pouch 


12 months 
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ABSTRACT 

Studies were performed in a long-term effort to develop clinically translatable, tissue engi- 
neered adipose constructs for reconstructive, correctional, and cosmetic indications. Rat 
preadipocytes were harvested, Isolated, expanded ex vivo, and seeded within PLGA scaf- 
folds. Preadipocyte-seeded and acellular (control) scaffolds were implanted for 1-12 months. 
Explanted scaffolds were stained with osmium tetroxide, processed, and counterstained us- 
ing H&E. Quantitative histomorphometric analysis was performed on all tissue sections to 
determine the amount of adipose tissue formed. Analyses revealed maximum adipose for- 
mation at 2 months, followed by a decrease at 3 months, and complete absence of adipose 
and PLGA at 5-12 months. These results extend a previous short-term study {Tissue Engi- 
neering 1999;5:134) and demonstrate that adipose tissue can be formed in vivo using tissue 
engineering strategies. However, the long-term maintenance of adipose tissue remains elu- 
sive. 

INTRODUCTION 

THi; APPLICATION OF TISSUE ENGINEERING to the development of adipose tissue constiucts has captured 
the interests of numerous investigators over the past two years.'"** This is due in part to the realization 
that there are many reconstructive, conectional, and cosmetic indications for patient-specil'ic adipose con- 
stiTicts." In a previous qualitative study, we demonstrated adipose tissue formation within preadipocyte 
(PA)-seeded PLGA scaffolds implanted for 2 and 5 weeks.-* Many questions were raised at the conclusion 
of this initial study. One such question is whether adipose tissue that forms within Pl.GA scaffolds remains 
over long periods of time and whether it remains after its supporting polymer scaffold entirely degrades. 
This question merits consideration based on the longstanding observation that transplanted mature fat re- 
sorbs over time. This present study is a continuation and elaboration of the former. Specifically, PAs arc 
seeded within PLGA scaffolds and implanted for 1-12 months. Adipose formation is quantitatively assessed 
by coupling histology with microscopy and image analysis. 
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MATERIALS AND METHODS 

Adipose harvest and in vivo culture 

The methods for harvesting and culturing the PAs were previously described.^'' Briefly, PAs were iso- 
lated from epididymal fat pads of male, 250 g, 70-80-day-old Lewis rats (Harlan) via enzymatic digestion. 
Rats were euthanized with CO2 asphyxiation and the shaved harvest site was scrubbed with Betadyne fol- 
lowed by alcohol wash. Within 5 min of death, epididymal adipose tissue was aseptically harvested and 
placed in 4°C saiine solution supplemented with 500 U/mL penicillin and 500 fig/mL streptomycin (Gibco). 
Using a dissecting microscope, connective tissues and tissue containing blood vessels were resected from 
the fat. This minimizes fibroblast contamination of ex vivo cultures. Harvested tissue was finely minced 
with a scalpel and enzymatically digested in Ca'*'-/Mg"^--free saline supplemented with 2% (w/v) type I 
collagenase (Sigma Chemical Co.) and 5% (w/v) bovine scrum albumin (BSA) for 20 min at 37°C on a 
shaker. For four fat pads, 5 mL of dissociation medium is required. The digested tissue was filtered through 
a 250-^m mesh followed by a 90-iJuin nylon mesh to separate undigested debris and capillary fiagments 
fiom PAs. The filtered cell suspension was centrifuged, and the resulting pellet of PAs was then plated at 
10* cells/cm^ onto plastic culture flasks. PAs were cultured in Duibecco's Modified Eagle's Medium 
(DMEM) supplemented with 10% fetal bovine semm (FBS), 100 U/mL penicillin, and 100 ju.g/mL stj-ep- 
tomycin. During cell expansion, the PAs were passed prior to confluency since contact inhibition initiates 
adipocyte differentiation and ceases PA proliferation.'""'^ The 1° passage yields approximately 1 .5 X 10* 
P As/fat pad. 

Polymer fabrication and seeding 

PLGA is employed as a model polymer. PLGA foam fabrication and seeding were conducted as previ- 
ously described.^ Fabrication of 2.5-mm-thick, 12-mm-diameter, and 90% porosity polymer disks were pre- 
pared by a particulate-leaching technique. Briefly, 5 g of solid 75:25 PLGA (Birmingham Polymers Inc.) 
polymer were dis.solved in 80 ml, of dichloromethane (Fisher Scientific) to form a solution. Sieved NaCl 
crystals (Fisher) at a NaCl:PLGA weight fraction of 1 :9 were evenly dispersed over a 150-mm Pyrex petri 
dish (Fisher) with a Teflon lining (Cole-Parmer Instrument Co.). The PLGA/dichloromethane solution was 
then gently poured over the NaCl crystals. Sieved NaCl crystal size distribution was measured with quan- 
titative microscopy and found to be 135—633 jjim. Dichloromethane was evaporated under vacuum, leav- 
ing a polymer/NaCl composite 2.5-mm thick. The composite was removed from the Teflon-lined petri dish, 
and 12-mm-diameter disks were cut using a plug cutter and drill press, The NaCl crystals were then leached 
from the composite disks by immersion in 800 mL of DI water for 48 h (water changed every 8 h) to yield 
porous disks. Disks were lyophilized and stored in a vacuum dessicator until use. 
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Prior to seeding, the test materials were prewetted and sterilized with absolute ethanol for 30 min fol- 
lowed by two sterile saline washes at 20 min/wash and a DMEM wash for 20 min. A 20-/aL suspension of 
PAs (10^ cells/mL) was injected onto each disk under sterile conditions. Prewetting permits the ceil sus- 
pension to readily flow throughout the materials. Following 3 h for cell attachment, 24-well culture plates 
containing one disk/well were filled with 1 .5 mL of medium/well. Before transporting the cell-seeded con- 
structs to the opei-ating room, DMEM media was removed and replaced with complete L-I5 media, and the 
constructs were placed in a mobile 37°C warmer. The use of L-15 precludes the need for 5% CO2 for pH 
control. 

In vivo implantation 

Seeded disks were implanted on the back musculature of Lewis rats under anesthesia (0.2 mL/lOO gbw 
intramuscular injection of premixed solution composed of 64 mg/mL ketamine HCl, 3.6 mg/mL xylazine, 
and 0.07 mg/mL atropine sulfate).^'^ An isogenic strain is required to avoid an immune response to seeded 
PAs. The University of Texas M.D. Anderson Cancer Center Animal Care and Use Committee has ap- 
proved the implantation of PA seeded disks. After shaving the back, two longitudinal incisions (~2 cm 
each) were made through the skin of the dorsal midline. Individual "pockets" for each disk were prepared 
between the cutaneous trunci and back muscles of both flanks by careful dissection. Disks were inserted 
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FIG. 2. Illustration depicting image analysis stra£eg;y. Three full-thickness images were acquired for each histologi- 
cal section of seeded/control PLGA disks — a center image and lefi/righl images 3 mm from the center. Euch full-ihick- 
ness image was constructed by tiling eight individual 640 X 480 pixel images. 
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FIG. 4. Representative histology (H&E) depicting the interface between PLGA disks and skeletal muscle beds of the 
rat. There is no void space or fascia present at the interface, only a thin layer of fibrovascular tissue (FVT). The entire 
PLGA disk thickness is not shown. Original magnification, x 100. 



into each pocket and sutured in place with 5-0 suture (Ethicon), as shown in Figure lA. Two disks were 
placed on each side of the incision (four disks per rat) and the incisions closed with 4-0 suture (Ethicon) 
(Fig. IB). Animals were housed individually and fed standard rat chow. The disks were left in vivo 1, 2, 
3, 5, 7, 9, and 12 months. After the elapsed time, the rats were euthanized with CO2 and the disks har- 
vested. Immediately after harvest, the disks were placed in 10% neutral buffered formalin (Fisher) for fu- 
ture histology. 

For this study, a total of 42 rats were used at 6 rats/time period. Each rat was implanted with four disks. 
Two di.sks were seeded with PAs, and two disks were implanted without seeding to serve as acellular con- 
trols. A total of 84 seeded and 84 acellular disks were used in this study. 

77 istology 

An osmium tetroxide (OsO^) paraffin procedure was used to demonstrate fat within half of the harvested 
in vivo disks.^ The remaining half of the disks were frozen for storage and future analyses. Routine stain- 
ing outlines only "ghost" cells since histological processing with organic solvents and alcohols extract lipid 
from cells. OSO4 chemically combines with fat, blackening it in the process. Fat that combines OSO4 is in- 
soluble in alcohol and xylene, and the tissue can be processed for paraffin embedding and counters tained. 
After staining with OSO4. disks were processed for paraffin embedding using standard procedures, except 
that Histosolve (Sbandon) was substituted for xylene. Sections 4 /U.m thick were cut on a microtome (Lc- 
ica), placed on slides, counlcrslaincd with Hc&E, and coverslipped to view fibrovascular tissue. Sections 
were analyzed using brightfieid microscopy. 

Determination of adipose tissue 

High magnification images of histology slides were acquired using an inverted microscope (Olympus), 
color CCD camera (Olympus), computer-controlled XYZ stage (Ludl Electronic Products), IPLab software 



FIG. 3. Illu.stration depicdng routing of full-lhickness image tiling and segmentation. (A,D) Osmium tetioxitlc-la- 
beled adipose tissue. (B,E) Segmented adipose tissue area (light gray) of A and E, respectively. (C) Segmeiucd disk 
area (dark gray) of A. D and E are higher magnification images of areas denoted by box in A and B, respectively. 
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(Scanalytics), and a PowerPC (Apple). Images were acquired at a resolution of 0.61 pixch/fjum using a 20X, 
0.40 NA objective (Olympus). A depiction of the image analysis strategy is shown in Figure 2. Three full- 
thickness images were acquired automatically from each slide: at the center, ~3 mm right of the center, 
and ~3 mm left of the center. Image acquisition consisted of digitally tiling eight 640 X 480 pixel images 
for each full thickness image. Hence, each image was 640 X 3,840 pixels or 390 ^im X 2,342 /U.m (Fig, 
3A,D). Next, using image segmentation, the user selected areas of adipose tissue formation (i.e., OSO4- 
stained regions) consisting of mature adipocytes or lipid-filled differentiating PAs (Fig. 3B,E). The total 
scaffold area was determined (Fig. 3C). Data are presented as percent of adipose tissue, defined as follows: 



\ 1 Left, Center, Right Scaffold Area / 



Data from center, left, and right full thickness images were pooled, resulting in one value for each slide 
rather than three. 



RESULTS 

Theie were no complications due to surgery or postoperative recovery from anesthesia. Scaffold hai'vcst 
was unremailcable with no hematomas or seromas. Scaffolds remained intact and appeared to be well-vas- 
cularized based on gross inspection (Fig. IB). As shown in Figure 4, the PLGA disks were sutured in di- 
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FIG. 5. Percenl adipose tissue formation in acellular and preadipocyle (PA)-seeded scaffolds versus iinplaniHlion 
time. Data are mean ± SEM of n = 6. *Statisticaldifferencein adipoise tissue presence between acellular and PA .seeded 
scaffolds (p < 0.05). §Rats with entirely resorbed PLGA scaffolds and no adipose tissue. 
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rect apposition lo muscle, with no void space or fascia present. Hence, baiTiers to scaffold revasculariza- 
tion were minimized. 

Figure 5 demonstrates the percent adipose formation within the acellular and PA seeded PLGA scaffolds. 
For months 1-3, PA-seeded scaffolds demonstrated statistically more adipose tissue than their acellular con- 
trols. Adipose tissue formation appears to peak at 10.7% at 2 months followed by a decrease. PLGA scaf- 
folds were entirely degraded by 5 months. No PLGA scaffold or fat tissue was present in rats harvested at 
5-1 2 months, The absence of PLGA at ^5 months is in keeping with the 75:25 copolymer's approximate 
degradation kinetics of 4-5 months. Exact degradation kinetics is dependent on scaffold geomedy, poros- 
ity, and moleculai' weight. 

A thin layer of adipose tissue was observed within the fibrovascular tissue (i.e., foreign body capsule) 
around, but outside both acellular and PA-seeded disks (Fig. 6). The thin layer of adipose tissue was highly 
vascular and is presumably formed from resident PAs recruited to the foreign body capsule. This observa- 
tion was noted in the former short-term study^ and with proprietary cell-seeded and acellular polymers from 
Johnson & Johnson Corporate Biomaterials Center (data not shown). There was no difference in the layer 
characteristics at implantation times of 1, 2, and 3 months or between acellular and PA-seeded disks. 

Histologically, the amount of all tissue (fibrovascular and adipose combined) decreased between I and 
3 months as the PLGA degraded (Fig. 7). Without polymer support, the tissue at 3 months formed threads 
of connecting tissue (Fig. 4C,D). The amount of macrophage infiltration qualitatively decreased with time 
as well as between 1 and 3 months (Fig. 8). Macrophage presence was localized to polymer-tissue inter- 
faces. 



DISCUSSION 

This long-term study expanded the results observed with a previous short-term study that demonstrated 
adipose formation within PA-seeded PLGA scaffolds after 2 and 5 weeks of transplantation.^ This study 
addresses the issue of long-term maintenance of adipose formation within a model polymcr-cell system. 
Based on the animal model utilized, one concludes that PA-seeded PLGA scaffolds permit increasing adi- 
pose formation that peaks at approximately 2 months and decreases dramatically thereafter. It is encourag- 
ing to demonstrate viable adipose tissue formation within PA-seeded PLGA scaffolds for up to 2 months. 
However, the exact microenvironment required for long-term maintenance remains elusive. 

There are several possible explanations for the resorption observed in this long-term study. One expla- 
nation may be related to the anatomical site of transplantation. Bpididymal PAs were seeded within PLGA 



FIG. 6. Representative histology (OsO^ and H&E) oi thin layer of vascular adipo.se tissue observed ouuside acellu- 
lar (A) and PA-seedcd (B) disks. There wore no differences in perivascular udipuse formation between acellular and 
PA-scedcd tlisks. Original magnification, X UK). 
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and 3 months (C,D). D is higher magnification of area denoted in C. Original magnification, X40 (A-C), X200 (D). 



scaffolds and transplanted to the dorsal subcutaneous region of the rat between two muscle beds, namely 
the panniculus camosus (cutaneous trunci) muscle and skeletal muscles of the back. The thin layer of fas- 
cia separating the muscle beds was removed prior to construct implantation. Rats typically possess very lit- 
tle subcutaneous adipose tissue. Hence, the microenvironment present in the cuirent model may not sup- 
port long-term maintenance of adipose tissue. This may be a limitation of the animal model employed. 
Research is currently being conducted on characterizing a porcine model which has the potential of being 
a more amenable subcutaneous adipose model. Further, adipose tissue physiology (i.e., rate of replication, 
capacity for differentiation) is dependent on anatomical location.'*"'^ That is, there are site-specific char- 
acteristics intrinsic to the PAs that result in regional variations in properties of adipose tissue. Thus, a sub- 
cutaneous microenvironment may not optimally support epididymai PAs. 

Another explanation for the resorption observed may be the degree of vascularization. It has been known 
for decades that adequate vascular supply is essential for generation and maintenance of adipose tissue. 
ECM components secreted by microvascular endothelial cells have been shown to directly stimulate PA 
diflbrentiation and replication When avascular constructs are transplanted in vivo, the angiogencsis rc- 
spon.se observed is that of a wound healing cascade. During the late stages of wound healing, there is sig- 
nificant vascular remodeling and involution. The regression of the neovascularization would intuitively re- 
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suit in a concomitant decrease in adipose volume. Moreover, as the amount of PLGA scaffold decreases 
with time, the influx of macrophages will decrease, as was observed in this study (Fig. 8). Likewise, the 
level of macroph age-secreted angiogenic factors will decrease resulting in regression of neovasculaiizalioa 
The exact level of vascularization was not determined in this study due to the fact that reagents required 
for CD31 staining of endothelial cells^' dissolve the PLGA scaffold. However, gioss examination of 
explants and qualitative examination of H&E-stained sections demonstrate numerous vessels at all time 
periods, 

Long-term maintenanceof adipose formation may require a specific, continued support structure. Anatom- 
ically, adipose tissue is held together by a network of ECMs (primarily collagen I) and is typically located 
in a defined anatomical space (e.g., the breast skin envelope for mammaiy adipose or between dermis and 
muscle for subcutaneous adipose). Although exact PLGA degradation was not assessed in this study, it is 
intriguing to note that the absence of adipose tissue corresponded to the absence of PLGA scaffold al lime 
points 3^5 months. Further, at 3 months, the tissue within the disks formed thin interconnecting threads 
(Fig. 7C,D). One could speculate that the tissue was losing its support structure by 3 months. The use of 
75:25 PLGA as a model polymer may limit the cun-ent model due to its relatively short degradation lime. 
Using a biomaterial that degrades more slowly may allow adipose tissue to become more mature and main- 
tain its presence longer than 2-3 months. 

Finally, the resorption may be related to the lack of a continued, specific microcnvironmenl. The mi- 
croenvironment of PA regenerative proliferation and differentiation needs to be maintained at the site of 
transplantation. Several investigators have demonstrated the recruitment of endogenous PAs and de novo 
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adipose formation when the unique microenvironment consisting of Matrigel and bFGF aie created in small 
animal modelsJ-^^'"^^ In this present study and others, we have observed formation of de novo adipose tis- 
sue within the fibrovasculai" capsule surrounding implanted acellular and PA-seeded biodegradable poly- 
mers (Fig. 6), The adipose tissue forms a thin layer pai-allel to the polymer surface and is sunounded by 
copious blood vessels (Fig. 6). Although speculative, endogenous PAs may recruit to the highly vascular 
regions and/or be attracted by factors released by eai'ly macrophage invasion. 

The apparent resorption of adipose tissue with extended periods is not a new problem. Numerous strate- 
gies have been attempted to prevent adipose resorption following grafting, including using small diameter 
grafts and growth factors. The results of this study illustrate that the long-term maintenance of engineered 
adipose tissue is not a tiivial task. In addition, results of this study suggest that a different combination of 
cell source, biomaterial, and animal model may lead to more mature adipose tissue for the study of long- 
term fat maintenance. 
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ABSTRACT 

De novo adipogenesis at the implanted site of a basement membrane extract (Matrigel) was 
induced through controlled release of basic fibroblast growth factor (bPGF). bFGF was in- 
corporated into biodegradable gelatin microspheres for its controlled release. When the mix- 
ture of Matrigel and bFGF-incorporated gelatin microspheres was implanted subcutaneously 
into the back of mice, a clearly visible fat pad was formed at the implanted site 6 weeks 
later. Histologic examination revealed that the de novo formation of adipose tissue accom- 
panied with angiogenesis was observed in the implanted Matrigel at bFGF doses of 0.01, 0.1, 
and 1 ^g/site, the lower and higher doses being less effective. The de novo formation induced 
by the bFGF-incorporated microspheres was significantly higher than that induced by free 
bFGF of the same dose. The mRNA of a lipogcncsis marker protein, glycerophosphate de- 
hydrogenase, was detected in the formed adipose tissues, biochemically indicating de novo 
adipogenesis. Free bFGF, the bFGF-incorporated gelatin microspheres, or Marigel alone 
and bFGF-free gelatin microspheres with or without Matrigel did not induce formation of 
adipose tissue. This de novo adipogenesis by mixture of Matrigel and the bFGF-incorporated 
gelatin microspheres will provide a new idea for tissue engineering of adipose tissue. 

INTRODUCTION 

AUTOGRAPTiNG OF FAT PADS has a long history in plaslic and reconstructive surgery for augmentation of 
lost soft tissues.' It has been reported tliat autologous adipose tissues, such as fat grafts of a few mil- 
limeters in size and semiliquid, were transplanted to depressed regions or scars in the breast and facial ar- 
eas.-'-* Despite the enthusiasm for such the free-fat autografting, however, researchers have been disap- 
pointed by progressive absorption of the tissue graft with time.^"^ In the examination by microscopy of 
free-rat autografts removed, necrotic adipocytes were observed and replaced by host fibrous tissue in most 
areas whereas the transplanted fat cells were hardly proliferated. 

It is generally recognized from recent research in cell biology that adipocyte linkage derives from miil- 
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tipotential mesenchymal stem cells with the capacity to differentiate into mesodermal cells, e.g., osteocytcs, 
chondrocytes, adipocytes, and myocytes.^ These stem cells are morphologically and biochemically con- 
verted to matured 'adipocytes (fat cells) by way of adipose precursor cells. Among the precursor cells are 
preadipocytes, which have committed or determined to become fat cells and are included in interstitial cells 
having fibroblast-like morphology. '° 

There are two possible ways based on tissue engineering to induce de novo adipogenesis. One method 
is to carry the preadipocytes in a body site to be induced. It is reported that a preadipocyte cell line induced 
formation of fat tissue after subcutaneous injection to nude mice." Patricit et al. have demonstrated thai 
formation of adipose tissue in the rat subcutis by use of porous discs of po!y(]actic-co-glycolic) acid seeded 
with autologously isolated preadipocytes.'^ The other method is to induce formation of adipose tissue from 
preadipocytes originally existing in the body. If one can provide a microenvironment suitable for cell pro- 
liferation and differentiation, de novo formation of adipose tissue can be expected without exogenous 
adipocytes being transplanted. Recently, Kawaguchi et al. have demonstrated that de novo adipogenesis in 
the mouse subcutis could be achieved only by injection of the simple mixture of basic fibroblast growth 
factor (bPGF) and an extract of basement membrane protein (Matrigel).'^ It is reported that mixing with 
Matrigel enabled bFGF to promote the vascular response.''' Thus, it seems reasonable to suppose that such 
development of a vascular supply is essential for generation and maintainance of the adipose tissue. 

It is known that some growth factors promote vascularization. Among the growth factors used to induce 
capillary formation are acidic FGF, bFGF, platelet-derived growth factor, and vascular endothelial growth 
factor.''''"'^ However, if these growth factors are applied in solution form, one cannot always exhibit their 
full angiogenic capability because of their in vivo short half-life periods. This implies that controlled re- 
lease of growth factors is needed for effective vascularization. Recently, we have succeeded in releasing 
biologically active bFGF from a biodegradable hydrogel composed of "acidic" gelatin, which is able to 
form a polyion complex with "basic" bFGF.''^ /n vivo experiments revealed that the time profile of bFGF 
retention in the gelatin hydrogels was in good accordance with that of their degradation.-" This indicates 
that the bFGF molecule ionically interacting with the acidic gelatin is released from the hydrogel as the 
cross-linked gelatin became water soluble with in vivo degradation. bFGF-incorporated gelatin hydrogels 
of disc and microsphere types showed an enhanced angiogenetic effect, in marked contrast to free 
bFGF. "■'■2"- 23 

The objective of the present study was to investigate the effect of gelatin micropheres for bFGF re- 
lease on de novo formation of adipose tissue in Matrigel. Following subcutaneous implantation of Ma- 
trigel mixed with the bFGF-incorporated gelatin micropheres into the backs of mice, de novo adipoge- 
nesis was evaluated in terms of histologic and biochemical viewpoints and compared with that of Matrigel 
mixed with bFGF in solution form. We examine the effect of bFGF dose on the formation of adipose 
tissue. 



MATERIALS AND METHODS 

Materials 

An aqueous solution of human recombinant bFGF with an isoelectric point (lEP) of 9.6 (10 mg/mL) was 
kindly supplied by Kakcn Pharmaceutical Co., Ltd. (Tokyo, Japan). A gelatin sample with an lEP of 5.0 
(Nina Gelatin Co., Osaka, Japan) was extracted from bovine bone (type I collagen) with an alkaline process. 
Matrigel® basement membrane matrix of growth factor reduced type (Matrigel, Lot# 91 1947, Becton Dick- 
inson Labware, Bedford, MA) was used here to minimize the effect of growth factor as much as po.s.sible. 
Glutaraldehydc (GA), glycine, and other chemicals were purchased from Wako Pure Chemical Industries 
(Osaka, Japan) and used without further purification. 

Preparation of bFGF-incorporated gelatin microspheres 

Gelatin microspheres were prepared through GA crosslinking of gelatin aqueous solution in an emulsion 
state as reported previously. Immediately after mixing 25 fxL of GA aqueous solution (25 wt%) with 10 

280 



TABATA ET AL. 



mL of 10 wt% gelatin aqueous solution preheated at 40°C, the mixed aqueous solution was added drop- 
wise to 375 mL of olive oil with stirring at 420 rpm and 40°C to obtain a W/0 emulsion. Stirring was con- 
tinued for 24 h at 25°C to chemically crosslink the gelatin. After addition of 100 mL of acetone to the re- 
action mixture, the resulting microspheres were collected by ccntrifugation (4°C, 3000 rpm, 5 min) and 
washed five times with acetone by centrifugation. The washed microspheres were placed in 100 mL of 100 
mM glycine aqueous solution containing Tween 80 (0.1 wt%), followed by agitation at 37°C for I h to 
block residual aldehyde groups of unreacted GA. Then, the crosslinked microspheres were twice washed 
with double-distilled water (DDW) by centrifugation, freeze-dried, and sterilized with ethylene oxide gas. 
The water content of the gelatin microspheres was 95 vol%, when calculated from the microsphere volume 
before and after swelling in phosphate-buffered saline solution (PBS, pH 7.4) for 24 h al 37°C. The mi- 
crosphere diameter was measured by viewing at least 100 microspheres with a light microscope and found 
to range from 60 to 130 ^m in the state of PBS swelling. 

The original bFGF solution was diluted with DDW to adjust the solution concentration. The aqueous so- 
lution containing 0.001, 0.01, 0.1, 1.0, and 10 of bFGF (10 /jL) as dropped onto 2 mg of freeze-dried 
gelatin microspheres for impregnation of bFGF into the microspheres. The bFGF solution was completely 
sorbed into the microspheres by swelling at 25°C for 1 h, because the solution volume was less than that 
theoretically required for the equilibrated swelling of microspheres. Similarly, empty gelatin micro.spheres 
without bFGF were prepared using DDW as the solution to add. 

An animal experiment revealed that the gelatin microspheres used were degraded with time in the back 
subcutis of mice and disappeared 3 weeks tater.^^ No influence of bFGF incorporation on the time profile 
microsphere degradation was observed. In this release system, because the bFGF release is governed by 
microsphere biodegradation,-^" bFGF is released from the microspheres over 3 weeks. 

In vivo experiments 

The gelatin microspheres (2 mg) swollen with aqueous solution with or without bFGF were homoge- 
neously mixed with 100 of Matrigel precooled on ice. I'he mixture was left for 1 h at 37°C to allow 
Mairigei to form a hydrogel. As controls, 10 /.iL of aqueous solutions containing 0.001, 0.01, 0.1, 1.0, and 
10 of bFGF and PBS were similarly mixed with Matrigel. 

Under anesthesia, the mixture of MatrigeT with bFGF-incorporated gelatin microspheres or other agents 
was carefully implanted into the back subcutis of female BALB/c mice (6 weeks old; Shimizu Laboratory 
Supply, Kyoto, Japan) 1.5 cm apart from the tail root at the body center. The materials used for Matrigel 
mixing were PBS, empty gelatin microspheres, five doses of free bFGF, and gelatin microspheres incor- 
porating five doses of bFGF. In addition, the similar experiment was performed for the above 12 groups in 
the absence of Matrigel; PBS, empty gelatin microspheres, free bFGF, and gelatin microspheres incorpo- 
rating bFGF alone were injected subcutaneously. Each experimental group was composed of 6 mice. The 
samples were carefully implanted or injected into the subcutaneous site free of originally existing adipose 
tissue. At 6 weeks post-treatment, the mice were sacrificed by an overdose injection of anesthetic and the 
skin including the implanted or injected site (2X2 cm^) was carefully taken off for the subsequent bio- 
logical examinations. Photographs of the skin flaps were taken to record tissue appearance around the treated 
site. 

De novo formation of adipose tissue at the implanted or injected site was assessed in terms of histologic 
and biochemical parameters. Of the six skin flaps, three flaps were randomly selected for histological eval- 
uation. The skin flaps were cut at the central portion of implanted or injected site by a scalpel. One cut of 
the skin was fixed with 10% neutralized formalin solution, embedded in paraffin, and sectioned (2 mm in 
thickness), followed by staining with hematoxylin and eosin (HE). The other skin cut was embedded in 
O.C.T. compound, TISSUE-TEK® (4583, Miles Inc., Elkhart, IN), cryosectioned, and stained with Sudan 
111. Photomicrographs of three cross sections from 3 different mice were taken at different magnifications 



FIG. 2, Hi.stologic sections of mouse subciuis 6 weeks after hnplantalion of Mairigei mixed with 0 (A), 0.001 (B), 
0.01 (C), 0.1 (D), 1.0 (E), and 10 (F) of free bFGF or gelatin microspheres incorporating 0 (G), 0.001 (11), 0.01 
(I), 0.1 (J), 1.0 (K), and 10 (L) of bFGF. (Magnification: x 100, HE staining.) 
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to evaluate histologically the de novo formation of adipose tissue and vascularization. Tiie ratio of the Su- 
dan m-stained tissue area to the whoie area of Matrigel implants was measured to expiiess it as the percent 
adipose tissue. The residual three skin flaps were used to confirm de novo adipogenesis by reverse tran- 
scription and polymerase chain reaction (RT-PCR) of glycerophosphate dehydrogenase (GPDH) mRNA. 

RT-PCR detection of GPDH mRNA in adipose tissue formed de novo 

Total RNA was extracted from the tissue mass formed with TRIZOL reagent (Life Technology, GIBCO 
BRL Products Inc., Rockville, MD). Briefly, 6 weeks after co-implaiitation of Matrigel with PBS, 0.1 and 
1 .0 ng of free bFGF, and gelatin microspheres incorporating 0.1 and 1.0 /.(g of bFGF, the tissue mass formed 
In the mouse subcutis was carefully collected without coniaminalion of the surrounding tissue. After being 
minced by a scissors, the tissue was lysed for 7 min at 25°C with TRIZOL reagent. The total RNA was 
precipitated conventionally with isopropyl alcohol and 70% cihyl alcohol in DDW from the tissue lysale 
and dried under vacuum. 

The prepared total RNA was reverse transcribed to cDNA by First-Strand cDNA Synthesis Kit (Code 
#27-9261-01, Amersham Pharmacia Biotech Ltd., Tokyo, Japan). DDW containing 5 ^^g of total RNA (8 
^jL) was heated at 65°C for 10 min and cooled on ice for 2 min. The RNA solution was mixed on ice with 
7 /jL of a reverse transcription reaction mixture, which composes of 5 ^jL of the Bulk First-Strand Reac- 
tion Mix, 1 nL of 0,2 //g/^L pd{N)fi primer, and 1 fjL of 200 mM dithiothreitol, followed by incubation 
at 37°C for 60 min and then quickly cooled down on ice. 

Oligonucleotides of mouse GPDH primers were purchased from Takara Shuzo Co. Ltd. (Shiga, Japan) 
and these sequences were as follows: 5'-CTGTGGGGCCTTGAAGAATA-3' (GPDH, up-stream, sense) 
and 5'-CCAAGATCGTGGGTAGCAAT-3' (GPDH, down-stream, antisense). The sense and antisense 
primers were dissolved in 100 of DDW at respective concentrations of 4 to prepare a mixed primer 
solution. The PCR reaction soludon was prepared by mixing on ice SI. 5 /.ih of DDW and 18.5 ^iL of 
TaKaRa Ex Taq"" reagent (TakaRa Biochemicals, Takara Shuzo Co. Ltd, Shiga, Japan) which contains 8 
/iL of dNTP Mixture (2,5 mM each), 0,5 |)L of 5 U//jL TaKaRa Ex Taq"', 10 /jL of 10 X Ex Taq™ Buffer. 
Then, 1 ^iL of the prepared cDNA solution was mixed with 2 >;L of the mixed primer solution and 7 ;iL 
of the PCR solution. The solution mixture was heated at 94°C for 5 min and then subjected to 40 cycles of 
PCR. One cycle of PCR consisted of 15 s at 94°C, 15 s at 43°C, and 15 s at 72°C. 

After the PCR, the amplified products were fractionated by sodium dodecyl sulfate — 4.8% polyacry- 
lamide gel electrophoresis (SDS-PAGE) in 90 mM Tris-borate, 2 mM EDTA (pH 8.0). Amplified products 
were delected by staining with SYBR™ Green I (TaKaRa Biochemicals, Takara Shuzo Co. Ltd) at room 
temperature for 30 min. 

Statistical analysis 

All of the data were analyzed by Fisher's LSD test for multiple comparison, and the statistical signifi- 
cance was accepted at /? < 0.05. Experimental results were expressed as the means ± the standard devia- 
tion of the mean. 

RESULTS 

De novo formation of adipose tissue and vascularization following treatment of bFGF with or 
without Matrigel 

Figure 1 shows the tissue appearance of mouse subcutis 6 weeks after treatment with PBS, bPGF-free 
empty gelatin microspheres, free bFGF, and gelatin microspheres incorporating bFGF with or without Ma- 
trigel. When Matrigel was not co-implanted, the appearance of subcutaneous tissue injected with bFGF in 
the microspheres-incorporated or free form was similar to that of control, PBS-treated mice. A similar re- 
sult was observed at different bFGF doses (data not shown). Empty microspheres did not affect the tissue 
appearance. Gelatin microspheres were completely degraded in the tissue, irrespective of the bFGF incor- 
poration. On the contrary, the tissue appearance was greatly influenced by the presence of Matrigel. When 
bFGF was mixed together with Matrige! for implantion, capillaries were newly formed at the implanted site 
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of malrigel, although the capillary number was larger for gelatin microspheres incorporating bFGF than for 
free bFGF. Empty gelatin microspheres did not contribute to vascularization, and the tissue appearance was 
similar lo that of Matrigel alone. The volume of tissue mass formed by co-implantation of Matrigcl with 
bFGF was large compared with that of other implantation groups. 

Influence of bFGF dose on the de novo formation of adipose tissue 

Figure 2 shows the hislological sections of mouse subcutis 6 weeks after implantation with ihe mixture 
of Matrigel and different amounts of bFGF. Apparently, co-implaiitation of bFGF formed de novo adipose 
tissue in the implanted site of Matrigel. When the bFGF dose was 0.01, 0.1, or 1.0 /jg, gelatin microspheres 
incorporating bFGF induced ectopic formation of adipose tissue accompanied by capillary formation to a 
significantly greater extent than that of free bFGF at the same dose. Less formation of adipose tissue was 
observed at bFGF doses of 0.001 and 10 n%. Especially, 10 ^jg of bFGF induced inllammatory reaction in 
the Matrigel implanted site, irrespective of the dosage form of bFGF. No de novo formation of adipose tis- 
sue was observed at the Matrigel implanted site together with PBS or empty microspheres. 

Figure 3 shows lipid staining of subcutaneous sites implanted with the mixture of Matrigel and PBS, 
empty gelatin microspheres, free bFGF, or gelatin microspheres incorporating bFGF 6 weelcs post-implan- 
tation, When the histologic sections were stained with Sudan III, matured adipocytes were stained in the 
tissue mass formed by co-implantation of Matrigel with gelatin microspheres incorporating 0.1 /.Jg of bFGF. 
A fewer number of stained cells was found in the implant containing a mixture of Matrigel and the same 
dose of free bFGF. Only a few adipocytes were stained in the tissue mass formed by implantation of Ma- 
trigel alone or its mixture with empty gelatin microspheies. 

Figure 4 shows the dependence of do novo adipogenesis on the bFGF dose. Adipogenesis was assessed 
by determining the area percentage of Sudan Ill-stained adipose tissue lo the total tissue on histologic sec- 
tions 6 weeks after co-implantation of Matrigel with bFGF in the incorporated or free form gelatin micro 




i''lG. 7i. l.spid staining ot mouse subcutis b week.s allcr implanlation ot Matriacl mixed willi PB.S (A). ht'Ol'-lree. 
empty geialin niiciospliercs (B), 0.1 ^ig ot tree bi'GF (C), and gelatin microspheres incorporating 0.1 ;/g of bl-GI- (D). 
(Magnintiitson: XlOO, Sudan ill slaining.) 
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bFGF dose (/^ g/mousc) 

FIG. 4. Effect of bFGF dose on de novo adipogenesis 6 weeks after co-implantation of Malrigel with gelatin mi- 
erospiieres incoiporating bFGF (G) and free bFGF (■). *, p < 0.05 significance against the group implanted with Mii- 
trigel mixed with PBS. t, p < 0.05 significance again.si the group implanted with Malrigel mixed with free bFGF at 
the corresponding dose. ' 



spheres. When gelatin microspheres incorporating 0.01, 0.1, and 1 ^ig of bFGF were co-implanted with IVla- 
Irigel, the percent adipose tissue was significantly higher than that of Matrige! alone. On the contrary, for 
free bFGF, the percent adipose tissue was significantly enhanced at only a dose of 0,1 ng, in contrast to 
other doses. The highest or lowest dose of bFGF did not enhance adipogenesis and the percent adipose tis- 
sue was similar to that of Matrigel alone for both dosage forms of bFGF. 

GPDH detection 

Figure 5 shows expression of GPDH mRNA products in the tissue mass formed by co-implantation of 
Matrigel with gelatin microspheres incorporating bFGF or free bFGF, Amplifieci products of GPDH were 
not observed when the mixture of Malrigel and PBS was implanted. Co-implantation of Matrigel with gelatin 
microspheres incorporating 0.1 and 1.0 of bFGF induced GPDH mRNA expression, whereas weaker 
expression was observed for the mixture of Matrigel and 0.1 of free bFGF. 

DISCUSSION 

The hyperplastic formation of adipose tissue in aged animals by feeding with a high carbohyciralc or 
high-fat diet has been investigated intensively. It has been demonstrated in mimy experiments on rodents 
that adipose precursor cells possess the potential ability to generate Eiew adipose tissues. The fat depots of 
mice express large amount of early markers of adipocyte differentiation.-'' A significant population of stro- 
mal vascular cells from subcutaneous fat tissues of elderly men and women has been shown to differenti- 
ate ill vitro into adipocytes. Taken together, all of the results suggest that proliferation and differentiation 
of adipose precursor cells can be promoted depending on their microenvironmcnt. !t is recognized that 
adipocytes and their precursor cells represent only less than one-half of the total cells in adipose tissue; the 
remaining cells are various blood cells, endothelial cells, and precytes. This tissue cellularity indicates that 
development of a vascular supply is essential for the generation of maintenance of adipose tissue. What is 
the imicrocnvironment that allows adipose precursor cells to proliferate and differentiate into matured 
adipocytes? The present study clearly indicates that such a microenvironment can be provided by implan- 
tation of Matrigel together with the release system of bFGF. There will be several reasons to be considered 
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FIG. 5, Expression of GPDH mRNA products of mouse subcutis 6 weeks after implantation of Matrigel mixed witli 
PBS (!ane J), 0.1 ng of free bFGF (Jane 2), 1.0 /Jg of free bFGF (lane 3), and gelatin microspheres incorporating 0.1 
(lane 4) or 1.0 of bFGF (lane 5). 



for the bFGF effect on induced adipogeiiesis. First, it is possible that the controlled release of bFGF-in- 
dticed neovascularization, resulting in efficient proliferation and maturation of adipose precursor cells, mi- 
grated in the vascularized Matrigel, Second, there is the possibility that bFGF has a direct adipogenic ef- 
fect. Sheep preadipocytes have been reported to differentiate in a culture medium containing bFGF."^ It is 
likely that bFGF increases the number of preadipocytes and the rate of adipocyte differentiation, resulting 
in enhanced de novo adipogenesis. 

During the terminal differentiation, adipocytes exhibit marked increases in de novo lipogenesis.^^ It is 
well recognized that the activity level of several proteins and/or mRNA increases with lipogenesis. Among 
them, GPDH has been used as a representative lipogenesis marker, and the level of activity increase cor- 
responds well with that of preadipocyte differentiation. As seen in Fig. 5, it was demonstrated bio- 
chemically that the tissue mass formed by the mixture of Matrigel and the gelatin microspheres incorpo- 
rating bFGF was composed of matured adipocytes. 

One promising way lo enhance in vivo vascularization effectively is to achieve the controlled release of 
bFGF over an extended period of time. From this poiiU, gelatin microspheres are superior to Matrigel. Sig- 
nificant vascularization was demonstrated to be induced through controlied release of biologically active 
bFGF from gelatin hydrogel microspheres, in marked contrast to bFGF administered in the solution 
form.^"-^'"^-'' Histologic examinations revealed that mixing the bFGF-incorporated gelatin microspheres in- 
duced neovascularization in Matrigel lo a greater extent than free bFGF mixing (Fig. 3). We can be fairly 
certain that such greater vascularization was one key contributing to significant pronounced formation of 
adipose tissue (Figs. 4 and 5). Matrigel itself functions to induce angiogenic activity of bFGF to some ex- 
tent,''' but the efficacy is not as high as that of the gelatin microspheres. In addition, the adipogenic effect 
of bFGF should be considered. The bFGF dose dependence indicates that there is an optimal concentration 
range of bFGF for adipogenesis. It is conceivable that a low dose of bFGF is not enough to exert its an- 
giogenic or adipogenic effect, even though the bioactive protein is released from the gelatin microspheres. 
Conversely, when the bFGF dose is too high, in addition to the two effects of bFGF, the activity lo accel- 
erate infiltration of fibrous tissues into Matrigel will become pronounced. Although adipocyte precursor 
cells are present in the infiltrated tissue, it is highly possible lhal the infiltrated fibrous tissue occupies the 
space in Matrigel necessary for de novo formation of adipose tissue. 

Another animal experiment revealed that, in place of Matrigel, type I collagen extracted from bovine 
bone was co-injected subcutaneously into mice together with or without gelatin microspheres incorporat- 
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ing bFGF. However, none of these treatments induced de novo adipogeiiesis (unpublished data). It is re- 
ported that Matrigel enhanced attachment and spreading of predipocytes." These findings indicate that there 
remains a possibihtv tnai Mairigci has additional functions, such as supporting the cell proliferation and 
differentiation ni uli n i. iei.ijis>ij celK In an effort to identify adipogenic coniponenls of Matrigel, a sim- 
ilar study with implants composed ot laminin, type IV collagen, and glycosaminoglycan is currently under 
way. 
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Abstract 

Gelatin microsplieres containing basic fibroblast growth factor (bFGF) were prepared for the controlled release of bFGF. Co- 
implantalion with the gelatin microspheres enabled preadipocytes to induce adipose tissue formation at the implanted site, 
Preadipocytes isolated from human fat tissue were suspended with the gelatin microspheres containing bFGF and incorporated into 
a collagen sponge of cell scaffold. Following subcutaneous implantation of the collagen sponge incorporating human preadipocytes, 
and gelatin microspheres containing 1 \xg of bFGF into the back of nude mice, adipose tissue was formed at the implanted site of 
collagen sponge within 6 weeks postoperatively although the extent depended on the number of preadipocytes transplanted and the 
bFGF dose. The formation of adipose tissue was significant compared with the implantation of collagen sponge incorporating 
human preadipocytes and 1 ng of free bFGF. The area of adipose tissue newly formed was increased with the number of 
preadipocytes transplanted until to 1.0 x 10^ cell.5/site and thereafler leveled off. The maximum ai-ea was observed at the bFGF dose 
of 1 |ig/site. The area was significantly smaller at the bFGF dose of O.S^g/site oi- larger than I ng/silc. Imnumohisiochemical 
examination indicated that the adipose tissue newly formed was composed of human matured adipocytes. No adipogenesis was 
observed at the implanted site of collagen sponge incorporating either gelatin microspheres containing bFGF or human 
preadipocytes and the mixed gelatin microspheres containing bFGF and human preadipocytes. We conclude that combination of 
gelatin microspheres containing bFGF and preadipocytes with the collagen sponge is essential to achieve ti-ssue engineering offal 
tissue. 

(i;. 2003 Elsevier Science Ltd. All rights reserved. 

Keywords: Adipose tissue engineering; Human preadipocytes; bFGF release; Gelatin microspheres; A collagen sponge 



1. Introduction 

In plastic and reconstructive surgery for augmenta- 
tion of lost soft tissues [1], autologous transplantation of 
fat grafts of a few millimeters size and semiliquid has 
been clinically performed for depressed regions or scars 
in the breast and facial areas [2.3]. However, this 
treatment often meets some problems, such as the 
absorption and fibrosis of tissues grafted 14-7]. Thus, if 
it is possible to artificially induce formation of adipose 
tissue at such a defect site, this will be a promising 
substitute for the tissue graft. 

Recently, tissue engineering has been being noticed as 
a newly emerging biomedical technology to repair or 
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regenerate a body defect by combining cells of high 
proliferation and differentiation potential with an 
artificial matrix of ceils scaffold and growth factor [8]. 
This tissue engineering technology is also applicable for 
regeneration of fat tissue, and some trials have been 
reported on adipose tissue engineering [9 I2J. There arc 
two possible strategies based on tissue engineering to 
induce adipogenesis. The first strategy is to make use of 
cells that are potential for proliferation and differentia- 
tion to form adipose tissue. The cells are brought into a 
body site where formation of adipose tissues is expected. 
For example, it is reported that a preadipocyte cell line 
induced formation of fat tissue at the site of subcuta- 
neous injection to nude mice [1.1]. Patrick ct al., have 
succeeded in forming adipose tissue in the rat subcutis 
by use of porous scaffold of poly(lactic-co-glycolic acid) 
pre-seeded with autologously isolated preadipocytes 
[10,14]. Adipose tissue engineering by use of collagen 
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scaffold combined with human preadipocytes has been 
reported [!5,i6j. This is the first report of adipogenesis 
by use of human cells, which confirmed the possibility of 
fat tissue engineering for human trial. The second way is 
to induce in vivo formation of adipose tissue based on 
precursor or stem cells, like preadipocytes, originally 
existing in the body. If it is possible to provide a local 
environment suitable for the proliferation and differ- 
entiation of such cells, formation of adipose tissue will 
be expected without exogenous transplantation of cells 
necessary for adipogenesis. It has been demonstrated 
that adipogenesis in the mouse subcutis could be 
achieved only by injection of the simple mixture of 
basic fibroblast growth factor (bFGF) and an extract of 
basement membrane extract (Matrigel) [17], Mixing 
with Matrigel enabled bFGF to promote the angioge- 
netic response [18], which is essential for generation and 
maintenance of the adipose tissue. We have demon- 
strated that the controlled release from gelatin hydrogels 
[19-231 enabled bFGF to significantly enhance the 
angiogenetic effect in vivo. Following subcutaneous 
implantation of Matrigel combined with this system of 
bFGF release into the mouse back, significantly higher 
adipogenesis at the implanted site was observed than 
implantation of the mixed Matrigel and free bFGF 
[24.25], These findings experimentally confirmed that it 
was possible to induce adipogenesis by giving trans- 
planted preadipocytes a local environmental field 
suitable to tissue regeneration in the body. However, 
since the Matrigel scaffold of the regeneration environ- 
ment is a mouse-derived material, it is practically 
impossible to apply it to human. 

The present study was undertaken to investigate 
whether or not a collagen sponge functions as the 
scaffold for formation of adipose tissue based on gelatin 
microspheres for bFGF release. Preadipocytes, a pre- 
cursor of fat cells, were prepared from human fat tissue 
isolated in breast surgery. Following subcutaneous 
implantation of collagen sponge incorporating human 
preadipocytes and the gelatin microspheres containing 
bFGF into the back of nude mice, adipogenesis was 
evaluated from the viewpoint of histological area 
occupied by adipose tissue newly formed and compared 
with that of collagen sponge incorporating with 
preadipocytes plus bFGF in the solution form. We 
examined the effect of the number of preadipocytes 
transplanted and the bFGF dose on the formation of 
adipose tissue. 



2. Materials and methods 

2.]. Materials 

An aqueous solution of human recombinant bFGF 
with an isoelectric point (lEP) of 9.6 (lOmg/ml) was 



kindly supplied by Kaken Pharmaceutical Co., Ltd., 
Tokyo, .Japan. A gelatin sample with an lEP of 5.0 
(Nitta Gelatin Co., Osaka, Japan) was prepared through 
an alkaline process of type I collagen obtained from 
bovine bone, It is found that the "acidic" gelatin 
complexes with the "basic" bFGF mainly due to their 
electrostatic interaction [26.27]. The freeze-dried sponge 
sheet (S0x60mm^, 3-mm thickness) of pigskin type 1 
collagen was kindly supplied by Gunze Co,, Ltd., 
Kyoto, Japan. The sponge sheet was prepared by the 
dehydrothermal (!40°C, 6h) and the subsequent glutar- 
aldehyde (GA) crosslinking (0.2 wt%, 4"C, 12 h) of 
collagen. The porosity and pore size of sponge were 
90% and 60-1 00 (xm. The collagen sheet was cut by 
scissors to prepare square sheets (5x5 mm^) for in vivo 
experiments. GA, glycine, and other chemicals were 
purchased from Wako Pure Chemical Industries, Osaka, 
Japan and used without further purification. 

2.2. Isolation and culture of human preadipocytes 

Human preadipocytes were primarily isolated from 
human adipose tissues that were obtained in the 
reduction mammaplastic surgery of breast cancer 
patients with informed consent at Kyoto University 
Hospital. The adipose tissue was washed with phos- 
phate-buffered saline solution (PBS, pH 7.4) to carefully 
remove blood cells, then minced, and digested by 520 U/ 
ml coUagenase (Nitta Gelatin, Osaka, Japan) in a water 
bath at 37°C for 60 min under shaking. The digested was 
suspended in Medium 199 containing 10vol% fetal calf 
serum (FCS), followed by centrifugation (200(/, 5 min at 
4°C) to remove the supernatant. After washing twice 
with the medium, the cells obtained were cultured in a 
cell-culture flask (75cm^ CORNING 430720, 
! X 1 0^ cells/cm^) in the medium containing 0. !pg/ml 
of bFGF at 37='C and 5% C02-95% air atmosphere 
pressure. The cells were expanded by two times 
subculturing and subjected to in vivo experiments. The 
cell morphology was fibroblast-like. When cultured in 
the presence of 50 nM of insulin, lOOnM of dexametha- 
sone, I0n.g/ml of transferrin, and 200 pM of triiodethyr- 
onine for 14 days, the ceils accumulated fat droplets 
inside. This suggests that the cells isolated had an 
inherent nature to differentiate into matured adipocytes. 

2.3. Preparation of gelatin microspheres containing 
bFGF 

Gelatin microspheres were prepared through GA 
crosslinking of gelatin aqueous solution in an emulsion 
state as reported previously [28]. Immediately after 
mixing 25 |.il of GA aqueous solution (25wt%) with 
10 ml of 10wt% gelatin aqueous solution preheated at 
40°C, the mixed aqueous solution was dropwise added 
to 375 ml of olive oil under stirring at 420 rpm and 40"C 
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to obtain a W/0 emulsion. Stirring was continued for 
24 h at 25°C to allow the gelatin to chemically crosslink. 
After addition of 100 ml of acetone to the reaction 
mixture, the resulting microspheres were collected by 
centrifugation (4°C, 3000 rpm, 5min) and washed five 
times with acetone by centrifugation. The washed 
microspheres were placed in 100 ml of lOOmM glycine 
aqueous solution containing Tween 80 (0.lwt%), 
followed by agitation at 37°C for 1 h to block the 
residua! aldehyde groups of unreacted GA. Then, the 
crosslinked microspheres were twice washed with 
double-distilled water (DDW) by centrifugation, 
freeze-dried, and sterilized with ethylene oxide gas. 
The water content of the gelatin microspheres was 
95vol%, when calculated from the microsphere volume 
before and after swelling in PBS for 24 h at 37°C. The 
microsphere diameter was measured by viewing at least 
100 microspheres with a light microscope and found to 
range from 60 to 130|.Lm in the state of PBS swelling. 

The original bFGF solution was diluted with DDW to 
adjust the bFGF concentrations at 10, 20, 100, 200, and 
I000(.ig/ml. The aqueous solution of bFGF (50|il) was 
dropped onto 2mg of freeze-dried gelatin microspheres, 
followed by leaving at 25°C for 1 h for impregnation of 
bFGF into the microspheres. The bFGF solution was 
completely absorbed into the microspheres through the 
impregnation process because the solution volume was 
much less than that theoretically required for the 
equilibrated swelling of microspheres. 

A series of study [19 23] indicated that bFGF was 

released from the gelatin hydrogel microspheres of 
release carrier not by simple diffusion, but by the 
water-solubilization of bFGF accompanied with hydro- 
gel degradation. bFGF is immobilized into the hydrogel 
microspheres based on the electrostatic complexation 
between the basic bFGF and acidic gelatin molecules. 
The complexed bFGF is not released from the hydrogels 
unless they are degi-aded in vivo to form water-soluble 
gelatin fragments. Animal experiments revealed that the 
time profile of in vivo retention was in good accordance 
with that of in vivo hydrogel degradation [23]. When 
evaluated in terms of angiogenesis, the biological 
activity of bFGF released from gelatin hydrogels could 
be detected and lasted for longer time periods as the 
degradation time period of hydrogels was prolonged 
[29]. The gelatin microspheres containing bFGF used 
here were degraded with time in the back subcutis of 
mice to completely disappear 3 weeks later. Based on the 
mechanism of bFGF release from this hydrogel system, 
the gelatin microspheres achieve the controlled release 
of biologically active bFGF over 3 weeks. 

2.4. In vivo experiments 

The gelatin microspheres (2mg) swollen with the 
bFGF aqueous solution were mixed with the suspension 



of human preadipocytes at cell densities of 2 x lO"*, 
5 X 10'', 1 X 10^, and 5 x 10'' cells/50 jrl culture medium. 
As control, lOjxl of aqueous solutions containing 1 |.ig of 
bFGF was similarly mixed with 1x10^ cells of human 
preadipocytes. The mixed suspension was dropped on 
the freeze-dried collagen sponge sheet (5 x 5mnr, 3-nim 
thickness) for the impregnation, followed by incubation 
for 3 h under the same conditions as described above for 
the collagen sponge incorporating human preadipocytes 
and gelatin microspheres containing bFGF. 

Under anesthesia, the collagen sponge incorporating 
human preadipocytes and gelatin microspheres contain- 
ing bFGF was carefully implanted into the back 
subcutis of female BALB/c nude mice, 6 weeks of age 
(Shimizu Laboratoi7 Supply, Kyoto, Japan), 1.5 cm 
distance away from the tail root at the body center. As 
controls, mice received implantation of the collagen 
sponge incorporating human preadipocytes and free 
bFGF, or the mixture of two components selected from 
the sponge, the microspheres containing bFGF, and 
human preadipocytes. All the animal experiments were 
performed according to the Guidelines of Animal 
Experiment of Kyoto University (1985). Each experi- 
mental group was composed of six mice. 

The mice, 6 weeks after implantation, were sacrificed 
by an overdose injection of anesthetic and the skin 
including the implanted site (2x2cm^) was carefully 
taken off for the subsequent biological examinations. 
The adipose tissues at the implantation site were 
assessed in terms of histological examination. The skin 
specimen was fixed with 10% neutralized formalin 
solution, embedded in paraffin, and sectioned (2j,mi in 
thickness) at the portion of implanted site as central as 
possible, followed by staining with hematoxylin and 
eosin (HE), Microphotographs of six cross-sections 
from six different mice were taken at a similar 
magnification to histologically evaluate the formation 
of adipose tissue and angiogenesis. The same area of 
interest (three portions/cross-section, O.SxO.Smnr) 
was randomly selected and the area occupied by 
matured adipocytes at the implanted site for every 
portion was measured by a computer program of NIH 
image analysis to express as the area of adipose tissue, 

2.5. Immunohistological evaluation of fat tissue newly 
formed following implantation of a collagen sponge 
incorporating human preadipocytes and gelatin 
microspheres containing bFGF 

Deparaffined cross-sections of 4|.uti thickness were 
rehydrated with PBS and incubated with mouse anti- 
human vimentin antibody (1:20 dilution) in a moist 
chamber for 24 h at 4°C. Then, the sections were rinsed 
with PBS three times and incubated with a second 
antibody-biotin conjugated rabbit anti-motise IgG + I- 
gA + IgM antibody (Histofine SAB-PO(M) kit, Nichirei 
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Co., Tokyo, Japan) for lOmin at room temperature. 
After washing with PBS three times, the sections were 
incubated with peroxidase-conjugated streptoavidin 
solution (Histofine) for 5min at room temperature. 
Following extensive washing, the sections were exposed 
to peroxidase substrate DAB (3,3'-diaminobendine, 
SigiTfia) for 5min at room temperature, then rinsed and 
counter-stained with hematoxylin. Tlic section was 
viewed to assess the human-specific cellularity in the 
tissue. 

2.6. Statistical analysis 

All the data were analyzed by Fisher's LSD test for 
multiple comparison and the statistical significance was 
accepted at/? < 0.05. Experimental results were expressed 
as the mean + standard deviation of the mean (SD). 



3. Results 

3. J. Formation of adipose tissue and vascularization 
following implantation of collagen sponges incorporating 
human preadipocytes gelatin microspheres containing 
bFGF 

Fig. 1 shows the tissue appearance of mouse siibcutis 
6 weeks after implantation of collagen sponge incorpor- 
ating human preadipocytes and gelatin microspheres 
containing bFGF or other materials. When the collagen 
sponge was implanted being incorporated with preadi- 
pocytes and gelatin microspheres containing bFGF, new 
formation of tissue mass was found at the implanted 
site, while many blood vessels were distributed in the 
tissue formed. The similar change in tissue appearance 
was observed at the collagen sponge incorporating 
preadipocytes and free bFGF although the formation 
of blood vessels was less. Upon implanting with the 
collagen sponge incorporating either gelatin micro- 
spheres containing bFGF or preadipocytes and the 
mixture of preadipocytes and gelatin microspheres 
containing bFGF, such a change of tissue appearance 
was not observed at the implanted site. 

Fig. 2 shows the histological sections of the implanted 
site 6 weeks after implantation. Matured adipocytes 
accumulating lipid inside were observed in the tissue 
mass formed 6 weeks after implantation of collagen 
sponge incorporating human preadipocytes and gelatin 
microspheres containing bFGF, whereas the sponge 
incorporating human preadipocytes and free bFGF was 
less effective. For every combination of two from three 
components, the collagen sponge, gelatin microspheres 
containing bFGF, and human preadipocytes, no for- 
mation of fat tissue was observed. 

Fig. shows the area of adipose tissue newly formed 
in the mouse subculis 6 weeks after implantation. The 



area of adipose tissue newly formed was large by the 
implantation of the collagei- sponge incorporating the 
combination of human preadipocytes with gelatin 
microspheres containing bFGF compared with that of 
the combination with free bFGF, On the contrary, for 
other control groups, the area of adipose tissue was not 
detected. 

3.2. Influence of the number of human preadipocytes 
transplanted and the bFGF dose on the formation of 
adipose tissue 

Fig. 4 shows the influence of the preadipocytes 
number on the area of adipose tissue newly formed 6 
weeks after implantation of the collagen sponge, human 
preadipocytes, and gelatin microspheres containing 
bFGF. The area increased with an increase in the 
number of human preadipocytes transplanted up to 
1 X 10^ cells/site and thereafter leveled off. 

Fig. 5 shows the histological sections of the implanted 
site 6 weeks after implantation of collagen sponges 
incorporating human preadipocytes and gelatin niici'o- 
spheres containing different doses of bFGF. Irrespective 
of the bFGF dose, the new formation of adipose tissue 
was observed by use of gelatin microspheres containing 
bFGF. Among them, the maximum adipogenesis was 
achieved at the bFGF dose of 1 pg. Fig. 6 shows effect of 
the bFGF dose on the area of adipose tissue newly 
formed 6 weeks after implantation. The area formed was 
significantly larger at the implanted site of collagen 
sponge incorporating human preadipocytes and gelatin 
microspheres containing 1 fig of bFGF than that of 
other bFGF doses. The co-implantation of gelatin 
microspheres containing 50 (rg of bFGF induced in- 
flammatory reaction in and around the implanted site. 

3.3. Immunohistology of fat tissue regenerated by a 
collagen sponge incorporating human preadipocytes and 
gelatin microspheres containing bFGF 

Fig. 7 shows the immunohistological section of 
adipose tissue newly formed by a collagen sponge 
incorporating human preadipocytes and gelatin micro- 
spheres containing bFGF. Apparently, the adipose 
tissue newly formed was throughout stained by the 
anti-human vimentin antibody, in contrast to the 
surrounding adipose tissues. 



4. Discussion 

The hyperplastic formation of adipose tissue in aged 
animals by feeding with a high carbohydrate or high fai 
diet has intensively been investigated. It has been 
recognized in the recent cell biology that adipocyte 
linkage derives from multipotential mesenchymal stem 
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cells with differentiation capacity [30], Tlie stem cells are 
morphologically and biochemically converted Lo ma- 
lured adipocytes (fat cells) by way of adipose precursor 
cells [31,32]. Among the precursor cells are preadipo- 
cytes that have committed or determined to become faf 
cells and are included in interstitial cells having 
fibroblast-like morphology f33j. In addition, it has been 
demonstrated that the proliferation and differentiation 
of the precursor cells can be promoted depending on the 
microenvironment [13,34]. It is well recognized that the 
number of adipocytes and their precursor cells is only 
less than half that of total cells present in the adipose 
tissue and the remaining cells are vascular-related cells, 
like various blood cells, endothelial cells, and pericytes 



[12). This tissue cellularity indicates that development of 
a vascular supply is essential for the generation and 
maintenance of adipose tissue. What is the local 
environment that allov^s adipose precursor cells to 
proliferate and differentiate into matured adipocytes'? 
The present study clearly indicates that such an 
environment can be provided by implanlalion of the 
collagen sponge together with the release system of 
bFGF. There will be several reasons to be considered for 
the bFGF effect on induced adipogenesis. First, it is 
possible that the controlled release of bFGF induced 
angiogenesis, resulting in efficient proliferation and 
maturation of adipose precursor cells migrated in the 
in advance angiogenesis-induced scaffold because of 
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Fig. 2. Formation of adipose tissue in the mouse subcutis 6 weeks after implantation of a collagen sponge incorporating human preadipooytes and 
gelatin microspheres containing I ng of bFGF (A), a collagen sponge incorporating human preadipocytes and iO ng of free bFGF (B), a collagen 
sponge incorporating human preadipocytes (C), a mixture of human preadipocytes and gelatin microspheres containing I ng of bFGF (D), and a 
collagen sponge incorporating gelatin microspheres containing 1 ^g of bFGF (E) (magnification x 100, HE staining). (F) A Sudan TlT-stained section 
of group (A). The gelatin microspheres containing bFGF were completely degraded to disappeai' from the implanted site. Bar = 300 |.tni. The number 
of preadipocytes transplanted is 1 x 10^ cells/site. 



■5 1 

I 




Group A 



Fig. 3. The area of adipose tissue newly fonned at the implanted site of mouse subcutis 6 weeks after implantation of a collagen sponge incorpoi ait 
1 X 10^ human preadipocytes and gelatin microspheres containing 1 |ig of bFGF (A), a collagen sponge incorporating human preadipocytes a: 
1 0 Hg of free bFGF (B), a collagen sponge incorporating gelatin microspheres containing 1 ng of bFGF (C), a collagen sponge incorporalmg hum 
preadipocytes (D)> and a mixture of human preadipocytes and gelatin microspheres containing I ng of bFGF (E) (n.d.: not detected) 



good supply of oxygen and nutrients to the cells. Indeed, 
the previous study indicated that such an angiogenesis- 
induced environrnent for tissue regeneration could be 



artificially created by implantation of Mairigel to- 
gether with the release system of bFGF 124.25j. bFGF 
itself acts on the preadipocytes to accelerate their 
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The number of implanted preadipocytes ( cells / site ) 



Fig. 4. Effect of preadipocytes number on the ar 
incorporating human preadipocytes and gelatin iii 



1 of adipose tissue newly formed 6 weeks after subcutaneous implantation of collagen sponge 
Tospheres containing ; (,Lg of bFGF into the back of mice (n.d.: not detected). 




Fig. 5. Effect of the bFGF dose on the adipogenesis 6 weeks after subcutaneous implanlation of collagen sponge incorporating human preadipocytes 
and gelatin microspheres containing bFGF into the back of mice: (A) 0.5, (B) I, (C) 5, (D) 10, and (E) 50 us bFGF/sitc {I x 10' prcadipocytes/sile) 
(magnification x 100, Ht; staining, Bar = 200pm). 
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Fig. 6. Elfeci oi llie bFGF dose on llic area of adipose tissue newly tornied 6 weeks alter subcutaneous implantation of collagen 
incorporating liuman preadipocytes and gelatin microspheres containing 1 ng of bFGF into the back of mice (1 x lO'preadipocytcs/site). 




Fig. 7. Immunohistoiogical section of adipose tissue newly formed 6 
weeks after niiplaiitatioii of a collagen sponge incorporating human 
preadipocytes and gelatin microspheres containing 1 [.ig of bPGF 
fl X lO^'prcadipocytes/sile) (magnification x 200, Bar = 100 urn). 



proliferation or other growth factors which are given by 
the bFGF-induced vasculature enables the cells to 
proliferate. It is conceivable tliat the collagen sponge 
plus the preadipocytes without the bFGF release system 
did not induce angiogenesis enough to maintain the 
survival of cells transplanted, resulting in no formation 
of fat tissue. The collagen sponge dose not have a 
function as the carrier of bFGF release {26j, which will 
cause poor angiogenesis in the collagen sponge com- 
bined with preadipocytes and free bFGF. As a result, it 
is possible that the scaffold-cell-free bFGF combination 
results in poor adipogenesis compared with the scaffold- 
cell-released bFGF one. Secondly, we cannot rule out 
the possibility that bFGF has a direct adipogenic effect. 
Sheep preadipocytes have been reported to differentiate 
in a culture medium containing bFGF [35]. It is 



conceivable that the controlled release of bFGF 
mcreases the number of preadipocytes and the rate of 
adipocyte differentiation, resulting m totally enhanced 
adipogenesis. 

One promising way to effectively induce in vivo 
angiogenesis is to achieve the controlled release of 
bFGF over an extended period of time. We have 
demonstrated that significant angiogenesis was induced 
through the controlled release of biologically active 
bFGF from gelatin hydrogel microspheres, in marked 
contrast to bFGF administered in the solution form 
[19-22]. Ilistologtcal observation revealed that co- 
implantation of the gelatin microspheres containing 
bFGF-induced angiogenesis in the collagen scaffold to a 
greater extent than that of free bFGF. We can be fairly 
certain that such promoted angiogenesis was one of the 
key contributing factors to significantly pronounced 
formation of adipose tissue. In addition, the adipogenic 
effect of bFGF should be considered. The bFGF dose 
dependence indicates that there is an optimal concentra- 
tion range of bFGF for adipogenesis. Probably, a low 
dose of bFGF is not enough to exert its angiogenetic or 
adipogenic effect even though the bioactivc bFC}F is 
released from the gelatin microspheres. On the other 
hand, when the bFGF dose is too high, in addition to 
the two effects of bFGF, the activity to accelerate 
infiltration of fibrous tissues into the collagen scaffold 
would become pronounced. A high dose of bFGF 
caused the inflammatory response at the colliagen sponge 
implanted (1-ig. 5). It is possible lhat the inflammation 
occurrence is so severe that prevents the tissue from 
tissue regeneration. 

Fig. 7 clearly indicates that the adipose tissue newly 
formed throughout ihe inside of implanted collagen was 
prepared based on human-derived cells. The tissue 
engineering strategy based on combination of cells, the 
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scaffold, and growth factor was effective in inducing the 
regeneration of adipose tissue. However, the size of 
tissue formed was still too smali to apply this technology 
to human therapy. Investigation about the scale-up of 
preadipocytes culture and technological design of 
enlarged tissue regeneration is underway at present. 
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Abstract 

The reconstruction of soft tissue defects foliowing extensive deep burns or tumor resections remains an unresolved problem in 
plastic and reconstructive surgery since adequate implant inalerials arc still not available. Preadipocyies. immature precursor cells 
found between mature adipocytes in adipose tissue, are a potential material for soft tissue engineering since they can proliferate and 
differentiate into adipose tissue after transplantation. In previous studies, we identified hyaluronan benzyl ester {HYAFF^l I) 
sponges to be promising carrier matrices. This study now evaluates, in vitro and in vivo, a new sponge architecture with pores of 
400 |.im either made of plain HYAFF® 1 1 or HYAFF® 1 1 coated with the extracellular matrix glycosaminoglycan hyaluronic acid. 
Human preadipocytes were isolated, seeded onto carriers and implanted into nude athymic mice. Explants harvested after 3, 8, and 
12 weeks were examined for macroscopical appearance, thickness, weight, pore structurCf histology, and immunohistochemislry. 
Compared to previous studies, we found better penetration of cells into both types of scaffolds, with more extensive formation of 
new vessels throughout the construct but with only minor adipose tissue. Our encouraging results contribute towards a better seeded 
and vascularised scaffold but also show that the enhancement of adipogenic conversion of preadipocytes remains a major task for 
further in vivo experiments. 
© 2005 Elsevier Ltd. All rights reserved. 

Keyword.i: Adipose tissue engineering; Hyaluronic acid; Progenitor cell 



I. Introduction 

Preadipocytes, stem-cell derived precursor cells which 
are located between mature adipocytes in adipose tissue 
[1], are a promising material for tissue engineering of 
bones, cartilage, muscle, fat, and other mesenchymal 
tissue types since these cells are capable of differentiat- 
ing into a variety of cell types, including osteoblasts, 
chondrocytes, myoblasts, neuron-like cells, and adipo- 
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cytes [2,3]. We here focus on the application of 
preadipocytes for soft-tissue defect reconstruction since 
successful long-term treatment of these defects remains 
an unresolved problem in plastic and reconstructive 
surgery. Disfiguring soft-tissue defects are caused by 
trauma (e.g. extensive deep burns, avulsions, post- 
surgical defects), tumors (e.g. breast cancer), or con- 
genital deformities like Roinberg's disease [4] or Poland 
syndrome [5]. In most cases, dissatisfaction is caused by 
the absence or the loss of subcutaneous adipose tissue. 
Since soft tissue plays a major role in maintaining 
contours and also serves as a mechanical cushion for 
muscles, tendons, and bones, a restoration of this 
protecting tissue is necessary. Possible approaches are 
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local and free flaps, dermal Tat grafts, collagen 
injeclions, synthetic materials, and the transfer of free 
adipose tissue grafts. Unfortunately, all of these 
methods include serious disadvantages: while synthetic 
materials always cause foreign body reactions, biologi- 
cally derived materials shrink to an unpredictable extent 
[6]. Many studies show that free adipose tissue gi-afls are 
largely absorbed or replaced by fibrous tissue and oil 
cysts [7] although some reports also demonstrate 
increasing survival of the transplanted tissue by careful 
handling [8,9]. 

Preadipocytes have a high proliferation and differ- 
entiation capacity whereas fully differentiated adipo- 
cytes have lost the capacity to divide [10]. Furthermore, 
adipogenic progenitors have a lower oxygen consump- 
tion than mature fat cells [1 1]. This tolerance of ischemia 
is helpful for survival of the time period until grafts are 
sufficiently vascularised. In order to use preadipocytes 
for tissue engineering purposes, ceils are isolated from 
adull human adipose tissue, cultured and seeded onto 
carriers to avoid that they are washed away from tlie site 
of transplantation. The use of carriers also allows a 
better determination of cell survival, differentiation, and 
newly formed extracellular matrix. Beside chemical 
composition and mechanical stability, an adequate 
porous structure of the matrix is very important to 
allow cellular penetration into the construct and full 
differentiation inside after transplantation. During 
differentiation, adipocytes store lipids in cellular va- 
cuoles thereby gaining volume up to 20-fold. Hence, 
appropriate porous structures are required not to inhibit 
the growth process and differentiation of the seeded and 
subsequently growing (pre)adipocytes. Earlier experi- 
ments of our group with collagen-based scaffolds, one of 
the first biodegradable carriers, have shown that a pore 
diameter of 45^im is too small for preadipocytes since 
the cells increase in size when undergoing differentiation 
[12]. Hyaluronic acid, present in the extracellular matrix 
of many tissues, is a newer material in tissue engineering 
and is assumed to have a supportive effect on progenitor 
cell development thereby facilitating tissue repair [13]. 
Therefore, we next compared collagen sponges with 
hyaluronan benzyl ester (HYAFF®n) scaffolds and 
found that hyaluronan carriers showed better results in 
terms of weight, homogenous distribution of precursor 
cells, and amount of differentiated adipose tissue [14]. 
Pore diameter in these HYAFF®1I sponges varied 
between 50 and 340 jim. Disadvantages of these 
constructs were that scaffold penetration was insuffi- 
cient and seeding of the matrix with cells was very time 
consuming due to the slow uptake of the preadipocyte 
suspension by the porous system. Therefore, this study 
now evaluates HYAFF®!! scaffolds with a totally 
new architecture, a unique pore diameter of 400|.un, in 
vitro and in vivo, to improve scaffold penetration. 
Furthermore, to facilitate and accelerate the seeding 



process, we compared unmodified HYAFF^'-'ll carriers 
(HYAFF®11-LP, HS) to HYAFF®! 1 sponges addi- 
tionally coated with the extracellular matrix giycosami- 
noglycan (GAG) hyaluronic acid (HYAFF* 1 1 -LP- 
coated, HB). Human preadipocytes of adults from 15 
to 72 years of age were isolated, cultured in two different 
types of sera (fetal calf serum (FCS), serum poor platelet 
plasma (SPPP)), and seeded onto carriers. In vitro 
analyses were performed to analyse fluid uptake of the 
construct, cell adherence to surfaces and serum-depen- 
dent proliferation on sponges. Afterwards, cell-loaded 
scaffolds were implanted into nude athymic mice and 
explanted after 3, 8, and 12 weeks. All samples were 
examined for macroscopical appearance, thickness, 
weight, pore structure, and histology to find out whether 
the new pore architecture and/or additional hyaluronic 
acid coating of carriers have a beneficial effect on cell 
distribution and proliferation, vascuiarisation, and 
adipose tissue formation in sponges. 



2. Materials and methods 

2.1. Materials 

Sponges made of HYAFF*U, a linEar derivative of 
hyaluronic acid, in which the carboxylic function of the 
monomer glucuronic acid in the hyaluronic acid chain is 
totally esterified with benzyl groups [15], were .supplied by 
Fidia Advanced Biopoiymers (Abaiio Terme/ltaly). The 
structure of these sponges shows open interconnecting pores 
(compare Fig. I). Two types of sponges were used, one plain 
(HYAFF''11-LP, HS) and one coated wilh hyaluronic acid 
(HYAFF-' 1 i-LP-coatcd, HB) (Fig. I). Sponges were provided 
as cylinders {014 mm, /i = 4mm; f'' = 616 mm''). Coated 
sponges (HB) were obtained by submersion in a hyaluronic 
acid solution, followed by frcczc-drying. Weight of hyitluronic 
acid/we'ight of HYAFF^" 1 1 scafFold was 15%. All carriers 
were steriUsed by y-irradiation before use. 

Coilagenase solution type I, Ml 99, Dulbecco's modified 
Eagle medium (DMEM), Ham's FI2 (F12), and FCS were 
from Biochrom, Berlin/Germany. Trypsin/EDTA was pur- 
chased from PAA Laboratories, Colbe/Germany. Serum of 
platelet poor plasma (SPPP) was from Sigma, Miinchcn/ 
Germany, basic fibroblast growth factor (bPGF) from Tebu, 
Frankfurt/Germany, The 250 pm nylon sieve was from 
Verseidag Techfab GmbH, Geidern/Germany. DAB {LSAB- 
kit) and all antibodies used here were from DAKO, Hamburg/ 
Germany. All other materials were of best quality and 
purchased from diverse conventional supplicns. 

2.2. Isolation, culiur'mcj, and seeding of preadipocyies 

Preadipocytes were isolated out of fragments (38-90 g per 
fragment) freshly obtained from hurnan subcutaneous adipose 
tissue of healthy donors between 15 and 72 years of age who 
had undergone elective operation.? (e.g. breast reduction) at the 
Department of Plastic Surgery and Hand Surgery — Burn 
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Fig. 1. Analyses of HYAFF''! 1-biohybrids by electron microscopy. Two different kinds of hyaluronic acid-based sponges, HYAFF "-1 1-LP (i lS) 
and HYAFF'-'^l 1-LP-coated (HB), with a unique pore size of 400 |im were analysed by electron microscopy. Shown here are .surface (Fig. 1 A and B) 
and cross-section (Fig. iC and D) of the unloaded sponges. 



Centre, After removal of fibrous tissue, adipose tissue was 
chopped into pieces and digested by coilageiiase (0.1 Umr'/ 
dispase 0.8 U ml"', Boehringer Mannheim, Germany) under 
permanent shaking in a water bath at 37 °C for 60min. 
Digestion wa.s stopped by adding DMEM containing 10% 
FCS or 10% SPPP, respectively, followed by an incubation in 
erythrocyte lysis buffer (lS4mnioir' NH4CI, lOmmolP' 
KHCO3, Immoir' EDTA) for lOmiii. This ceil suspension 
was centrifuged (2OO3 for lOmin at 17 "C) and the pellet was 
used for culture. For tliis purpose, cells were seeded on tissue 
culture dishes (63.6 cm^ Greiner, Solingen, Germany) with 
M199 plus 10% FCS or !0% SPPP (supplemented with 1 nM 
bPGF, lOOUmr' Penicillin, and 100|.!gmr' Streptomycin) 
with A seeding density of 3 x 10'' cells cm~". After 24 h, medium 
was changed to DMEM/F12 (1:1) plus the additives as used 
before. Preadipocytcs of the second passage were trypsinised at 
confluence and used for seeding of sponges. For all experi- 
ments, preadipocytes from three different donors were pooled 
by mixing one ri oi:en and re-thawed and two freshly obtained 
cell samples. All trials involving the use of human preadipo- 
cytes had been approved by the Ethical Committee of the 
Aachen University of Technology. 

2.3. Prcpcmilion of hyaluronic acid-ba.sed sponges for in vitro 
amily.w.^ ant/ for implainalion 

Uncoated scaffolds (HS) were precoated 24 h before seeding 
with 1000 pi FCS or SPPP (800 nl at the bottom side and 200 
on top) at 37 "C. Hyaluronic acid-coated sponges were used 
withouth pretreatment. Each scaffold was inoculated with 
1 X 10'' pooled preadipocytes/600j.il culture medium, After 4 h. 



2ml culture medium were added. For in vitro examinations of 
cell adherence and proliferation on carriers, sponges were 
analysed after 3, 7, and 14 days (d), and histologically 
evaluated. Cell adherence was determined by counting non- 
attached cells, which adhered on the bottom of the seeding 
dish and in the supei'natant instead of the scaffold, in 
Neubauer's chamber. Cell viabiiily was routinely checked by 
trypan blue exclusion assays and was always below S%. For in 
vivo studies, HS and HB samples were left undisturbed in 
DMEM/F12 (1 : 1) plus Penstrep/Streptomycin in the incubator 
for 24h until implantation. 

2.4. Deiernnnasion of three-dimensional growth of 
preadipocytes in various sera 

To monitor preadipocyte proliferation and viabiiily on 
HYAFF®11 sponges, the MTT assay was chosen. Preadipo- 
cytes from three donors were pooled and expanded. Sponges 
were inoculated with 1 million cells each. Formazan forma- 
tion by the composites was analysed 3, 7, and 14 d after 
seeding. As control, one scaffold for each time point and 
material was cultured without cells. To measure formazan 
formation, biohybrids were transferred to a 24-well plale and 
washed twice with PBS^~. Each composite was then treated 
with 5mgmr' MTT in a cell incubator for 45min at 37 'C. 
Thereafter, all probes were washed again prior to c\lr;ii;- 
tion wilh isopropanol/0.04 M l iCl for 3h. Extraction wws. 
completed by vorlcxing and ccntrifugation for .5min al 
!3500rpm. Supernatant was used in a 1:4 dilution with 
isopropanol/0.04 M HCI and extinction was analysed in a 
microtiterplate (570 nm). 
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2.5. Histological and iinmunhistological examination of 
developed biahybrids 

Scaffolds from in vitro and in vivo trials were fixed 
overnight in Lidi's 4% formalin. After removal of formalin 
by exhaustive washes with water, the probes were dehydrated 
by increasing concentrations of isopropanol, embedded into 
paraplasi, and cut into 2 and 8 |.im sections. Paraplast was 
removed from sections with xylol followed by staining with 
Hematoxylin and human vimentin according to histological 
standard procedures. Immunocytocheniical staining of human 
vimentin was performed with a mouse anti-human vimentin 
antibody (1;50 and 1:75, mahv, clone V9, Code Nr. M 0725 
Lot 057). Detection of the primary antibody was achieved with 
a biotinyiated secondary antibody and peroxidase-conjugated 
streptavidin and DAB as substrate. 

2.6. In viw e.xperimentcd model: nude mouse 

The fabricated preadipocyte/spoi-'.ge matrix constructs (total 
120: 60 HS: 30 seeded constructs (HS + ), 30 controls (HS-); 
60 HB; 30 seeded constructs {MB + ), 30 controls (HB-)) were 
transplanted suboutaneously to the right and left scapular area 
of 60 alhymic, 8-week-old nude mice. Mice were operated 
under aseptic conditions and inhalation anesthesia (Enflur- 
ane*'). The bottom of the constructs was placed on the muscle 
fascia. In each of these animals, the cell-loaded sample was 
transplanted to the right and the control scaffold (HS-/HB-, 
without cells, 24 h, soaked with DMEM) to the left scapular 
area through separate incisions. All animal experiments were 
performed according to the animal protection laws and were 
officially permitted. 

After 3 weeks (group A), 8 weeks (group B), and 12 weeks 
(group C), 10 animals of the HS and 10 animals of the HB 
group were killed by an overdose of gaseous anesthetic and the 
grafts were explanted. These three groups were formed 
randomly. The macroscopic (colour, ingrowth and formation 
of vessels, weight, thickness) and microscopic (pore size, 
specific and unspecific cellularity, vascularity) aspects of the 
grafts were documented after excision. 

2. 7. Examination of the grafts after explantation 

The weight of each scaffold was assessed 24 h after the cells 
had been seeded onto the sponge (before implantation), and 
after explantation (3, 8, 12 weeks — groups A, B, and C), 

Two blinded examiners (D.v.H., R.R.) independently 
assessed the histological sections. When there were differences 
between the assessments, ihe mean value was calculated. 

The thickness of the grafts was evaluated by measuring 
the thickness of the cross-sectional cut of the hyaluronic 
acid scaffolds at three different sites using intraocular 
microinelcr (Zeiss, Germany). A mean value for each graft 
was calculated. 

For analyzing specific and unspecific cellularity of the grafts, 
microscopical fields of the cross-sectional cuts were examined 
at 200 X magnification. Overall cellularity was assessed by 
counting of ail .stained cells in histological sections of bottom, 
centre, and surface areas. Cellularity of seeded preadipocytes 
was analysed by counting all human-vimentin positive cells. 



2.8. Stalistica! evaluation 

Data of thickness and weight of the grafts, pore si7x as well 
as overall cellularity in the grafts were expressed as mean 
value±SD. The significance of differences was evaluated by 
the f-test for in vitro analyses of scaffolds and by the 
Mann-Whitney U-lesL for in vivo experiments. Differences at 
p<Q.Q5 were considered significant. 



3. Results 

3.1. Structural and hydrophilic properties of the 
hyaluronan sponges HYAFF®11-LP and HYAFI^'^Il- 
LP-coated 

Two different kinds of hyaluronic acid-based sponges, 
HYAFF®11-LP (HS) and HYAFF^' 1 1-LP-coated 
(HB), with a unique pore size of 400 (tni were analysed 
by electron microscopy (EM). Shown in Fig. 1 arc 
pictures from surface and the inner architecture of 
unloaded sponges. 

EM pictures of HS sponges reveal an open porous 
structure with a rather unique pore size of about 400 j.im. 
Apart from a few ruptured pores, most cavities have 
approximately equal diameters with an elliptical form. 
HB carriers, in contrast, contain many compressed or 
ruptured pores and the network of pores has a rather 
linear orientation. The pore diameter appears smaller 
than in the HS sponge, approximately 350).nn. 

Hydrophilic or hydrophobic properties of HYAFF*' 
I l-biohybrids were analysed by dropping 600pl of a 
bromphenol blue solution on the surface of the 
contructs and measuring the absorption by the sponge 
after 1 h (Fig. 2B), 4h (Fig. 2C), and 7h (Fig. 2D). In 
Fig. 2A, the HYAFF®11 sponges are shown before 
addition of the solution. Our findings clearly demon- 
strate that the coating with hyaluronic acid significantly 
accelerates the uptake of fluid by the sponge. Already 
after 1 h, the fluid has almost completely penetrated the 
coated construct whereas in HS, surface properties still 
prevent the droplet from soaking into the material. Not 
even after 7 h, the HS sponge is completely penetrated 
by the fluid. 

3.2. Attachment and growth of preadipocyle.s on 
hyaluronic acid-based sponges under different culture 
conditions 

HS and HB sponges were prewetted with FCS or 
SPPP. Each scaffold was then inoculated with I x 10'^' 
pooled preadipocytes, placed in the incubator for 4h 
and analysed afterwards for preadipocyte attachment. 
As shown in Table 1 , the range of non-attached cells was 
approximately \.5-3.5% in all sponges. Adherence of 
preadipocytes to sponges was higiier in HS than in HB. 
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Fig. 2. Analyses of liydrophilic propcrlies ol' HYAFF'*'! 1-biohybrids. A bromphcnol blue aolulion (600 til) was given on HYAFl-'' 1 i-LP (HS) and 
HYAFF"-M.LI'-coiUcd (HB) and absorption by Ihc sponge was analysed al'tcr 1 (Fig. 2U}, 4h (Fig. 2C), and 7h (Fig. 2D). Fig. 2A sliows the 
sponges before addition ol" Lhe solution. 



Table I 



Comparison 


1 of cell allachment in celi-loaded HYAFF®1]-LP and HYAFF*I 1-LP-coated spoj 


rages under different culture conditions 




Sponge 




Cells not attached to the m;U 


rix (%) 


HYAFF*! 


l-LP-coated (HB) with FCS (no pretreatment) 


2.69±0,59* 




HYAFF^ll 


l-LP-coated (HB) with SPPP (no pretreatment) 


2.92+0.51 




HYAFF'"'I1 


I-LP (HS) with FCS (precoating FCS) 


l.78±0.26 




HYAFF'"'! 1 


I-LP (HS) with SPPP (precoating SPPP) 


2.67 + 0.81 





24 h before seeding, uncoated scaffolds were precoated with 1000(11 FCS or SPPP (800 ^l^ at the bottom side and 200^1 on lop) at 37 "C. According to 
the medium supplementation, FCS or SPPP were used for precoating of HS sponges. Coated sponges (HB) were used without pietieatment. Each 
scaffold was then inoculated with 1 x If/' pooied preadipocytes/600|il culture medium supplemented with FCS or SPPP, res|)cclivcly. After 4h, 
sponges were removed and uninoculated cells left in the supernatant and on the culture dishes were counted. Shown here are data from three 
independent experiments. Cell counts are given in percentage±SD relative to the amount of initially seeded cells, i.e. 1 x 10" cells. 
V<0.01 compared to Hyaff-'^'l I-LP (HS) with FCS. 



However, this difference was only significant for FCS- 
cultured cells (Table 1), Furthernnore, preadipocyte 
ailachmeni was generally higher if FCS and not SPPP 
was used in the culture medium. For cell proliferation 
analyses on carriers, serum-sttpplemented (FCS or 
SPPP) medium was added and .sponges were histologi- 
cally analysed for preadipocyte proliferation after 7 
and I4d. Both carriers, HS+ and HB + , showed good 
spreading and distribution of preadipocytes (Fig, 3), 
However, matrices with FCS-supplemented medium 
revealed significantly higher cell numbers than SPPP- 
cultivated scaffolds, as confirmed by formazan forma- 
tion in the MTT assay (Table 2, Fig. 3). Comparing HS 
and HB sponges in terms of preadipocyte proliferation 
after 7 and 14d, we found no significant differences. 

3.3. In vivo experiments: nude mouse study 

All 120 grafts were included in the evaluation since 
there had been no infections and no animal had died 
during the operation or during lhe observation period. 

3.4. Vascularisation and texture of explanled scaffolds 

Unseeded and seeded HS and HB carriers were 
implanted in nude mice and explanted after 3, 8, and 



12 weeks. Grafts could easily be identified in all animals, 
even after 12 weeks. Cell-loaded transplants revealed 
very thin but tightly integrated vessels in almost all 
layers of the sponge thereby presenting a more intense 
vascularisation than controls (sec also Tabic 3). This 
was most obvious in 8-week explants (group B: Fig. 4B 
and E). The contrast in vessel formation between seeded 
and unseeded sponges was macroscopically a little more 
evident in HB (Fig. 4D~F) than in HS (Fig. 4A-C). 
Microscopical analyses confirmed the differences be- 
tween HS+/HB+ and HS-/HB-, however, they did 
not reveal a superiority of hyaluronic acid-coated 
sponges in new vessel formation as predicted from the 
macroscopical impression. 

The texture of the scaffolds from group A had 
changed during the 3-week-implantation period to the 
same extent in cell-loaded as in unloaded sponges from a 
soft to a more tough kind. Both, HS+ and HB-t- 
carriers, were slightly bigger than the matching controls. 

In group C (12 weeks after implantation), the surfaces 
of explanted HS+ and HB+ sponges showed macro- 
scopically only a weak vascularisation. Microscopically, 
however, these explants revealed the best overall vessel 
formation of all samples (Table 3). Compared to groups 
A and B, degradation of scaffolds was more obvious in 
the sponges explanted after 12 weeks (Fig. 4). 
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Fig. 3. In vitro preadipocyte growth in cell-loaded HYAFF'' I l-bioliybrids under FCS- versus SPPP-treatmcnl. Human preadipocyles of llie second 
passage at confluence were trypsinised and resuspendcd. A suspension of 600(11, ooiitaining 1 x lO' cells, was seeded on both lypcs of HYAFF-"" 1 1- 
sponges. The uncoaied carriers had boon prewetled wnh 1000 ni FCS or SPPP (800 nl al the bottom side and 200 pi on top) whereas eoiued spfinyes 
did not receive any pretreatmenl. Scaffolds were then left in the incubator for eel! proliferation. After 7 and 1 4 d, sponges were liislologically analysed 
for pre;idipocyte proliferation. Shown are Giemsa-stained histological samples of HYAFF* 1 1-LP (HS) (Fig. 3A, B, E, F) and HYAFF" 1 1-LP- 
coated (HB) (Fig. 3C, D, G. H) after 7 d (Fig. 3A-D) and 14d (3E-H). Magnification x SO. Bar in Fig. 3A represents 0.5 mm. preadipocytes; 
HYAFF'"! l-sponge material. 



3.5. Thickness and weight of preadipocyte-haded and 
control grq/h 

Thickness and weight of preadipocyte-loaded and 
control grafts were measured on explants after 3, 8, and 



12 weeks, Even though thickness in both sponges after ? 
weeks was identical to the original measurements before 
implantation, both scalTold types showed a slight 
decrease in thickness with time. This was more obvious 
in HB+ (Fig. 5A). Controls were always Q.2-0.5mm 
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Table 2 

Preadipocyte growth in HYAFF^l l-biohybiids under FCS- versus SPPP-lreatmenl in oitro 





Formation of foima 


au[£57n„„,] 






After seeding 








HS+,FCS 


0.125± 0.024* 


0.145±0.016 


0.305±0.022* 


0.408 + 0.055* 


HS+,SPPP 


0.098 ±0.012 


0.120±0,022 


0.181+0.037 


0.322+0.039 


HB+, FCS 


0.087 ±0.02 1 


0.187 ± 0.029* 


0.263±0.01B* 


0.468 + 0.038* 


HB + , SPPP 


0.097 ±0.011 


0.122+0.014 


0.198 + 0.021 


0.365 + 0.033 



To monitor preadipocyte proliferation and viability on hyaluronic acid-b<iscd sponges under different medium conditions, the MTT assay was 
chosen. Sponges were inoculated with 1 >t lO" preadipocytes each. Formazan formation by the composites was analysed after 3, 7, and 14d after 
seeding. As control, one scaffold for each lime point and material was cultured without cells. Extinction of formazan is given as means+ SD related 
to control. Results arc froin three independent experiments. 
•j!»<0.001 compared to equivalent sponges under SPPP-lreatmenl. 



Table 3 

Quality of vascularisation in the hyaluronic acid-based scaffolds HYAFF'*11-LP and HYAFF"^ 1 1-LP-coaled 
Vascularisation 3 weeks 3 weeks S weeks 8 wocks 



H YAFF'^J l-LP-coated scaffold (HB) 



Total + + ++ + +/ + 



Vasculiirisation in HS iind HB was analysed in explants after 3, 8, and 12 weeks in the nude \r 
cross-sections. No visualisation of vessels was defined as visualisation of vessels in one or r 
region " + + " and a homogenous distribution of vessels within the graft was rated " + + + ". 
We observe a significant increase in vessel formation from 3 to 12 weeks in both types of sponges. 

"HS + /HB + : sponges initially seeded with preadipocyte.s, HS— /HB— : control scaffolds without cell .seeding 



smaller than cell-loaded constructs. They also showed a 
decrease in size in the course of time parallel to their cell- 
loaded counterparts. HB— sponges were initially thicker 
than the corresponding HS— carriers but subsequently 
revealed a more progressive reduction in thickness at 8 
and 12 weeks. 

Weight analyses showed that preadipocyte-loaded 
constructs were always heavier than the control grafts 
(Fig. 5B). This finding was very prominent at 3 weeks 
after implantation and especially for HS sponges, since 
weights of these cell-seeded scaffolds were significantly 
increased at this point of explantation. Besides, our 
results show that highest weights were found after 3 
weeks in cell-loaded constructs with a constant decrease 
in weight from that point on for both types of scaffolds. 



This change was especially obvious between 3-week and 
8-week explanls. Comparing both types of sponges, 
coated and uncoatcd structures, individually, we found 
that HS-I- scaffolds were significantly heavier than 
HB -I- carriers at 3 weeks. Explants from 8 and 12 weeks 
did not show this difference. 

3.6. Changes in pore size and specific I im.ipecijic 
cellularity 

Changes in pore size in hyaluronic acid-based 

constructs were exainined by microscopy on explanted 
grafts after 3, 8, and 12 weeks. We found that the pore 
size of preadipocyte-loaded scaffolds was always 
0.12-0.25 mm higher than in the controls but decreased 
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constantly from 3 lo 12 weeks (Fig. 6A). This 
continuous reduction in pore diameter was especially 
prominent in HB + . While there was hardiy any 
difference in pore size between HS+ and HB+ at 3 
weeks (difference: 0.011mm), pore diameters differed 
dramatically after 12 weeks of implantation (difference 
of 0.117 mm). The pore size in unloaded HS- controls 
after 3 weeks of implantation exactly matched tlie 
original measurements of the pore structure whereas 
HB— carriers at 3 weeks already showed a slight 
reduction in pore size. In the course of time, we observe 
a significant and continuous decrease in pore size which 
was more prominent in HB— than in HS— sponges 
(Fig. 6A). 

Examining specific cellularity of human preadipocytes 
versus unspecific cellularity of other cells (Fig. 6B), we 
found thai in all samples, cellularity was higher in 
preadipocyte-loaded scaffolds than in controls. How- 
ever, this difference between loaded and unloaded 
samples was only significant for HB at 12 weeks. 
Highest numbers of cells were detected in 8-week 
explants. 



3.7. Histological and immunohisiocbemical examinaiion 
of scajfolds 

Hematoxylin plus human vimentin/peroxidase stained 
HS+ and HB+ sponges were histologically compared 
to controls after 3, 8, and 12 weeks (Fig. 7). After 3 
weeks, a good spreading and distribution of preadipo- 
cytes over the whole cross-section was visible. There are 
clearly more cells detectable in the preadipocyte-loaded 
biohybrids than in the control sponges. Examining 8- 
and 12-week explants, we found that control-scaffolds 
were more degraded than cell-loaded sponges. This 
decomposition was especially prominent in unseeded 
HB sponges (compare Fig. 7K and L). Immunohistolo- 
gical characterisation of the explants with human 
vimentin/peroxidase staining confirmed a good distribu- 
tion of preadipocytes over the whole cross-section 
(Fig. 7). Human preadipocytes were well distinguishable 
from cells of mouse origin. Adipose tissue formation 
was only observed in Fig. 71, however, this tissue is 
likely to be a part of the subcutaneous adipose tissue 
layer since a layer of fibrous tissue separates it from the 
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Fig. 5. Thickness and weight of preadipocyle-loaded and control 
grafts. Sponges were treated as described in Fig. 3. explanted after 3. 8, 
and 12 weeks and analysed for thickness and weight. (A) A general 
decrease in lliickness in tiie course of lime appears for both types of 
sponges, especially for HB. Cell-loaded scaffolds were always thicker 
than unloaded controls. (B) Weight, analyses showed a decrease in the 
course of time for both types of scaffolds. Preadipocyle in hyaluronic 
acid-based constructs were always heavier than the control grafts. 
*p<0.Q5; **p<O.Q\; V<0.001 



Fig. 6. Changes ni pore size and specihc/unspecihc cellularily. 
Changes in pore size m HYAFF" 1 1 consirticls were e.samsncd by 
microscopy on cxpianlcd i>ralts alter 3. b. and 12 weeks. Spcciiic 
ccllulanty of human prcadipocvlcs versus unspccihc ccllularilv of other 
cells were delcrmined bv histological analyses. (A) 1 he pore size of 
preadipocyte-loaded scattold.i was always higher than in the controls. 
There is a continuous and signihcant decrease in pore size Irom 3 to 12 
weeks. (B) In all samples, cellulanty is higher in the prcadipocyte- 
ioaded .scaffolds than in the controls, */7<0.05; ^p<OM\ 



sponge material. Besides this one incidence of adipose 
tissue, all other pictures present predominantly fibrous 
tissue, separating and surrounding the sponge material. 



4. Discussion 

Before the beneficial role of preadipocytes was 
discovered, trials did not focus on progenitor ceils but 
on the use of mature adipose tissue which is widely 
available and therefore seemed to represent an optiiKial 
donor tissue for filling or reconstructing tissue defects. 
However, transplantation of mature adipocytes resulted 
in the shrinkage or complete resorption of the grafts 
[16]. Rodbell (17] was the first to use coilagenase 
treatment in order to separate preadipocytes from 
mature adipocytes out of adipose tissue. As has been 
shown in previous studies, this fraction of adipogenic 
progenitors in fat tissue has high potency for tissue 
engineering purposes [12,18,19]. In this present trial. 



human preadipocytes were expanded in cell culture, 
seeded on hyaluronic acid-based scaffolds (HYAFF'^ l 1 
sponges) with an innovative architecture consisting of 
large unique pores of 400 nm, and implanted in 
inimunodeficient mice. Tlie aim of the study was to find 
out whether the new pore structure and coating of 
sponges with hyaluronic acid has a beneficial effect on 
cell distribution, proliferation, vascularisation, and 
adipose tissue formation in scaffolds. Our findings 
clearly reveal a beneficial role of hyaluronic acid-derived 
carriers with large unique pores to enable preadipocytes 
to survive transplantation and perform good spreading, 
substantial proliferation and extensive induction of 
vascularisation al the recipient site. Satisfactory differ- 
entiation of preadipocytes, however, was not observed 
with this porous construct, neither in coaled nor in 
uncoated sponges. 

Scaffold architecture is assumed to have a strong 
influence on the in vivo differenlialion of transplanted 
preadipocytes. Earlier in vivo experiments of our group 
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analysed from CxpliinlS at 3, S. and 12 weeks. Samples were histologically prepared bv HeniiUoxilin ;ind human vinieiuin/peroxidasc siuining. 
Magniflcalion ol x 200 In all samples, except in H, I, K, and I.. ( x 50). (AHF). US S|)onges willi (A) (C) and without (DH1-) (.■ells. (G)-(L) H13 
sponges with (G)-(I) and without (J) (M) cells. HYAFF'^l l-spongc material: i*(blackj. cells of mouse orii>in; ^(biown), luinimi nicadipocylcs; 
^(yellow), adipose tissue. 



with collagen sponges showed that human preadipocytes 
peneti-ate scaffolds with a pore size of 40|nm insuffi- 
ciently, most probably due to the pore structures being 
too small. Growth and differentiation appeared to be 
restricted and limited to outer parts of the construct [14]. 
Wc therefore assumed that scaffold structures have to be 



designed for mature adipocytes which reach much larger 
dimensions up to a diameter of about 400|.Lm when 
undergoing differentiation. Since bovine products bear 
the risk of prior disease transmission which is not ideal 
for tissue engineering and implantation in humans, 
we focussed on hyaluronic acid-based scaffolds as 
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preadipocyte carriers in following in vivo studies since 
hyaluronic acid has been stated to support the growth 
and development of progenitor cells [13,20]. Pore 
diameter in the first hyaluronan sponges varied from 
50 to 340 |am. Results were very promising since they 
clearly demonstrated the supremacy of the scaffold 
structure in contrast to previous constructs [14], Cellular 
penetration of sponges was better and preadipocyte 
differentiation was not restricted to outer parts. A new 
generation of HYAFF®1I sponges with a unique pore 
size of 400 (.mi had shown good characteristics in in vitro 
examinations so far [21], Therefore, we here now 
analysed the applicability of these innovative scaffold 
structures to allow cell ingrowth, proliferation, vascu- 
larisation, and adipose tissue formation. Two types of 
HYAFF'-'^'ll sponges were compared, one plain (HS) 
and one coated with hyaluronic acid (HB), The reason 
why FIB sponges were designed is that despite HS 
sponges had been proved to allow good cell adhesion, 
the cell loading process was time consuming due to the 
hydrophobic nature of the polymer. The modification of 
the scaffold structure was intended to ameliorate this 
eel! loading procedure without altering the optimal 
adhesion properties. 

Our results indeed show that coating of hyaluronan 
sponges with hyaluronic acid significantly reduces the 
hydrophobic nature of the construct (Fig. 2). While HS 
sponges required prewetting with FCS or SPPP to aliow 
a quick and satisfying uptake of the ceil suspension, HB 
sponges were successfully seeded directly with cells 
without pretreatment. Both tj-pes of sponges revealed 
a spontaneous uptake of the cell-loaded medium. 

Evaluating the attachment and growth of preadipo- 
cyies on HYAFF®1 1 sponges, we found the amount of 
attached cells to be very high in both carriers, HS and 
HB (Table 1). This proves that the material HYAFF'^'l 1 
allows good adherence of cells to the matrix which is an 
important prerequisite for cell-loaded implants. Analys- 
ing preadipocyte attachment and growth on 
HYAFF^'ll sponges in SPPP- versus FCS-supplemen- 
ted media, we found that cells adhere better and 
proliferate more quickly with the latter medium (Fig. 
3, Table 2). Although our results with higher cell 
numbers in FCS-treated matrices confirm the high 
potency of FCS [22], recent moral and ethical concerns 
about the gain of FCS from newborn calves have called 
the use of this bovine product into question [23]. Lot-to- 
lot variability, high production costs, limited availability 
of FCS [24-27], and finally the activation of immuno- 
logical processes after transplantation of FCS-cultured 
cells [28-31] are further arguments supporting the search 
for FCS alternatives. SPPP contains much lower 
concentrations of growth factors than FCS but is of 
human origin which is necessary in the context of 
human preadipocyte tissue engineering. However, the 
optimal solution would be an autologous system with 



human serum used for prewetting of scaffolds and 
culturing of preadipocytes. We found that human serum 
is highly beneficial for human preadipocyte cultivation 
since it allows good in vitro expansion of adipogenic 
progenitor cells and a much better conversion to mature 
adipocytes than the conventionally used FCS, especially 
after long-term proliferation [32]. 

Our results of explanted cell-loaded transplants reveal 
very thin but tightly integrated vessels in almost all 
layers of the sponge thereby presenting a more intense 
vascularisation than controls (Fig. 4). The finding that 
preadipocyte-seeded transplants show a more intense 
vascularisation of the surface than controls may be due 
to preadipocyte-mediated induction of vascularisation. 
Adipogenic progenitors do not only influence vessel 
formation but also have a positive influence on scaffold 
stability. The organisation of the vessels in the scaffolds 
proceeds during implantation as confirmed by micro- 
scopy after 12 weeks revealing the best results for vessel 
formation compared to 3- and 8-week explants. 
Furthermore, we observe that preadipocytes stabilise 
the hyaluronan matrix by filling the gaps in the sponge 
thereby maintaining the thickness of the graft which is 
otherwise compressed in the subcutaneous location. 
Unloaded scaffolds were always more compressed and 
degraded (Fig. 5A). Macroscopically, degradation of 
sponges after 12 weeks in vivo is more obvious in HS 
than in HB scaffolds. However, this difference between 
HS and HB constructs is most likely due to explantation 
since microscopical data clearly prove the contrary 
(Fig. 5A). In terms of weight, we found that cell-loaded 
explants were always heavier than controls. At 3 weeks 
after implantation, this difference was particularly 
obvious evidencing that the porous structure 
HYAFF''*1I well supports attachment and growth of 
preadipocytes. In contrast to the present fmdings in 
HYAFF*'ll constructs, previous studies with collagen 
sponges of 65 and 100 pm pore diameter showed a 
highly significant weight loss between the point of 
implantation and explantation after 3 weeks, losing 50% 
of the initial weight. Furthermore, these collagen 
scaffolds decreased in thickness by more than 25% 
during implantation. Since it is hoped that preadipocyte- 
seeded scaffolds will one day offer a solution for the 
reconstruction of soft-tissue defects, maintaining the 
thickness and weight of the construct is a very important 
parameter [19]. The HYAFF®I1 constructs presented 
here show better results in this context than previously 
tested collagen sponges. 

Our results reveal good spreading and distribution of 
preadipocytes over the whole cross-section, As con- 
firmed by histological analyses, the pore size of 400 \ym 
allows an optimal distribution of preadipocytes over the 
whole carrier which has not been reached in previous 
experiments with smaller pores [14,19]. Analyses of 8- 
week and 12-week explants show a protective effect of 
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the inoculation with human preadipocytes for the three- 
dimensional structure. However, it is of note that the 
pore size generally decreased during the implantation 
period. This is in accordance with the absence of adipose 
tissue formation in the construct. In experiments with 
collagen sponges, in which conversion of preadipocytes 
to mature fat cells was found after explantation, pore 
diameter was shown to increase over time [19], most 
likely due to tlie size inci-ease of converting preadipo- 
cytes. These results could unfortunately not be repro- 
duced with HYAFF® 1 1 sponges with a unique pore size 
of 400 Jim. One possible explanation could be that 
400nm is too high a diameter to present an adequate 
stimulus for preadipocytes to undergo adipogenic 
conversion. Contact inhibition by neighbouring cells 
is a key stimulus for adipose tissue progenitors to 
perform differentiation [33,34]. This might not be 
guaranteed by such big pores. A solution for achieving 
the necessaiy cellular contact inhibition could be to 
increase the number of cells seeded per sponge or to 
generate three-dimensional structures where the pore 
diameter varies between 100 and 400 ^im. Initially tested 
liyaluronan sponges with pore diameters varying from 
50 to 340 \.vm within one construct showed successful 
preadipocyte differentiation but mainly in outer parts of 
the scaffold [14]. 

Analysing penetration of the scaffolds by preadipo- 
cytes, we used human vimcniin peroxidase staining since 
vinientin is a typica! marker for preadipocytes [35] as it 
allows for the distinction between human preadipocytes 
and cells of mouse origin. Our findings reveal that 
preadipocytes show good spreading and penetration in 
HYAFF^'T I matrices (Fig. 7). This again confirms the 
optimal applicability of HYAFF®11 sponges to enable 
satisfactory seeding with preadipocytes, good cellular 
penetration of the construct, and proliferation. We 
therefore consider our results as being encouraging for 
the use of preadipocytes in combination with a three- 
dimensional hyaluronic acid-based matrix for further 
in vivo adipose tissue engineering trials. 



5. Conclusion 

Our results demonstrate that the innovative architec- 
ture of HYAFF^'-'l 1 sponges with a unique pore size of 
400|.mi allows good cell spreading, proliferation, and 
stability of the three-dimensional construct. Coating 
with hyaluronic acid significantly reduces the hydro- 
phobic nature of this scaffold type, thereby allowing a 
quick and satisfying uptake of cell suspensions without 
any prctreatment. Compared to previous studies, we 
found butler penetration of cells into both coated and 
uncoatcd scaffolds with more extensive formation of 
new, tightly integrated vessels throughout the whole 
construct but hardly any adipose tissue. The fact that no 



mature adipocytes were found in the sponges after 
explantation proves that some complex problems 
remain; besides the development of an optimised 
autologous medium, formation of adipose tissue in vivo 
by full differentiation of preadipocytes is an aim which 
requires additional efforts and analyses. Fibi-onectin 
coating as well as the induction of differentiation on 
sponges before implantation or seeding of carriers with 
predifferentiated preadipocytes are approaches which 
have shown promising results in vitro so far [32,36]. 
These findings will have to be implemented and verified 
in new in vivo experiments to further improve adipose 
tissue formation in tissue engineering models. 
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Abstract 

Currently, there is no adequate implant material for (he correi;tion of soft tissue defects such as after extensive deep burns, after 
tumor resection and in hereditary and congenital defects (e.g. Romberg's disease, Poland syndrome). The autoiogous transplantation 
of mature adipose tissue has poor results. In this study human preadipocytes of young adults were isolated and cultured. 10" 
preadipocytes were seeded onto collagen sponges with uniform 40 j.im pore size and regular lamellar structure and implanted into 
immunodeficient mice. Collagen sponges without preadipocytes were used in the controls. Macroscopical impression, weight, 
thickness, histology, immunohistochemistry (scaffold structure, cellularity, penetration depth of the seeded cells) and ultrastructure 
were assessed after 24 h in vitro and after explantation at 3 and 8 weeks. Preadipocytes penetrated the scaffolds 24 h after seeding at 
a depth of 299 ± 55 jim before implantation. Macroscopically after 3 and 8 weeks in vivo layers of adipose tissue accompanied by new 
vessels were found on all preadipocyte/coUagen grafts. The control grafts appeared unchanged without vessel ingrowth. There was 
a significant weight loss of all grafts between 24 h in vitro and 3 weeks in vivo (p < 0.05), whereas there was only a slight weight 
reduction from week 3 to 8. The thickness decreased in the first 3 weeks (p < 0.05) in all grafts. The preadipocyte/collagen grafts were 
thinner but had a higher weight than the controls at this point in time. The histology showed adipose tissue and a rich vascularisation 
adherent to the scaffolds under a capsule. The control sponges contained only few cells and a capsule but no adipose tissue. 
Human-vimentin positive cells were found in all preadipocyte/collagen grafts but not in the controls, penetrating 1 188 + 498 \xu\ 
(3 weeks) and 1433 ± 685 (.im (8 weeks). Ultrastructural analysis showed complete in vivo differentiation of viable adipocytes in the 
sponge seeded with preadipocytes. Formation of extracellular matrix was more pronounced in the preadipocyte/collagen grafts. The 
transplantation of isolated and cultured preadipocytes within a standardised collagen matrix resulted in wcll-vasculariscd adipo.sc- 
like tissue. II is assumed that a pore size greater than 40 \im is required, as preadipocytes enlarge during dilTerenliation due to 
incorporation of lipids. © 2001 Elsevier Science Ltd. All rights reserved. 

Keywords: Human preadipocytes; Adipose tissue engineering; Collagen matrices; Pore structure; Scaffold 



1. Introduction 

The reconstruction of soft tissue defects remains 
a challenge in plastic and reconstructive surgery. Exam- 
ples for considerable loss of soft connective tissue espe- 
cially adipose tissue are extensive deep burns, defects 
after tumor resection, hereditary defects and congenital 
defects such as Romberg's disease and Poland syndrome. 
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Soft tissue plays a major role in maintaining contours 
and also serves as a mechanical cushion for muscles, 
tendons and bones. Among the various approaches are 
local and free flaps, dermal fat grafts, collagen injections, 
the use of synthetic materials and free adipose tissue 
grafts. Every method shows considerable disadvantages: 
Synthetic materials always cause foreign body reactions 
and biologically derived materials shrink to an un- 
predictable extent [1]. Autologous adipose tissue should 
be an ideal material, as there usually is sufficent supply 
for grafting but the results are generally poor and un- 
predictable. Studies using free adipose tissue grafts 
showed that most of it was absorbed and replaced by 
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fibrous tissue and oil cysts [2,3], These inferior results arc 
thought to be due to the slow rate of revascularisation of 
the graft and the low tolerance of ischemia of fat cells [4]. 
Even the revived technique of injecting aspirated fat 
fragments has unsatisfactory results, ranging from 50% 
shrinkage of the graft to complete resorption [5-8J. 

Preadipocytes, which are located between mature 
adipocytes in adipose tissue, are a potential material 
for soft tissue engineering [5], The proliferative activity 
is high in preadipocytes, whereas fully differentiated 
adipocytes have lost their capacity to divide [9]. Isola- 
tion of adipocyte precursor cells from stroma of adult 
adipose tissue and their differentiation in culture were 
achieved in the last two decades [10]. We continued this 
work by transferring the previous in vitro studies on 
human preadipocytes to an in vivo model. 

To protect the preadipocytes from being washed from 
the site of transplantation they were seeded into collagen 
sponges. This also enabled a better determination of cell 
survival, differentiation and newly formed ECM (ex- 
tracellular matrix), The scaffold had to have a suitable 
chemical composition and pore structure to allow the 
cells to enter and differentiate after transplantation. Fur- 
thermore the scaffold had to be mechanically stable 
enough to be implanted and had not to be absorbed too 
quickly after transplantation. 

The aim of this study was to: 

1. isolate and culture preadipocytes from adult human 
adipose tissue, 

2. study the penetration of these in vitro cultured cells 
into directionally solidified collagen sponges, 

3. observe the macroscopical and microscopical in vivo 
changes within these scaffolds after implantation into 
immunodeficient mice, and 

4. study the potential of the grafted preadipocytes to 
differentiate in vivo (to adipocytes). 



2. Materials and methods 

2,1. Collagen sponge 

The collagen sponge scaffolds were produced by a di- 
rectional solidification method and subsequent freeze- 
drying. The method has been described in detail in 
[11,12], therefore only a brief description is given here. 
After the addition of 3.8% acetic acid to the basic col- 
lagen suspension (1.8 wt% bovine collagen type !, 
Dr. Otto Suwelack, Germany) the collagen suspension is 
frozen under uniform conditions with a temperature 
gradient of 50°C/cm and an ice front velocity of 30 |.uti/s. 
These parameters lead to a homogeneous plate-like ice 
crystal morphology with the smallest distance between 
the ice crystal layers of 55 ^m. During the subsequent 
vacuum-drying step the ice crystals are removed by subli- 




Fig. I. SEM of a collagen scalTold produced by directional solidifi- 
cation and subsequent vacuum-drying showing a regular structure. The 
white scale bar is equivalent to 0.1 mm. In this sponge the average 
distance between the collagen layers is 40f4m. Open porous architec- 
ture is assumed to allow a better vascularisation of the matrix. 



mation and the collagen fibres cross-link without the 
need for additives. This leads to a porous structure of the 
sponge that corresponds to the previous ice crystal struc- 
ture (Fig. 1). The average distance between the collagen 
layers after vacuum-drying is 40 |.tm. The pore volume 
fraction is approximately 95%. For the studies we used 
sponges measuring 7.5x7,5x5 mm. The sponges were 
sterilized by ethylene oxide before use in the study. The 
antigenicity of the basic collagen suspension that was 
used to produce the sponges was investigated in an 
independent study. The results showed that no antibod- 
ies against the bovine collagen suspension were found in 
sera of dogs having the material implanted for a period of 
2 and 3 weeks. Furthermore the provided collagen fulfills 
the required EN 12442, Part 2, i.e. in relation to the 
origin of the material, as well as the certifications accord- 
ing to EN ];2442; Part 3, relating to the degradation 
process (unpublished data). Thus, the application safety 
concerning the BSE risk is guaranteed with considerable 
safety margins, 

2.2. In vitro tissue culture (preadipocyte isolation, culture 
and seeding) 

2.2.1. Isolation 

Preadipocytes were isolated out of fragments 
(0,4-0.7 g) of freshly obtained human subcutaneous adi- 
pose tissue of young adults (age: 18-29 yr) who had 
undergone elective operations (e.g, reduction mammap- 
lasly) at the Department of Plastic Surgery and Mand 
Surgery — Burn Centre. After removing fibrous tissue, the 
adipose tissue was chopped into pieces digested by col- 
lagenase 0.1 U ml" Vdispase 0.8 U ml"' (Boehringer 
Mannheim, Germany) in a water bath at 37°C for 60 min 
under permanent shaking. The digestion was slopped by 
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adding DMEM (Dulbecco's modified Eagle's medium} 
containing 15% FCS (Fetal calf serum, Biochrom, Berlin, 
Germany} followed by an incubation in erythrocyte lysis 
buffer (154mmoir' NH4C1, lOmmoll"' KHCO3, 
1 mmolF' EDTA, lOmin}. This cell suspension was 
centrifugcd (200 xg for lOmin at 17°C) and the pellet 
was used for culture. For this purpose the cells were 
seeded on tissue culture dishes (63.6 cm^, Greiner, Solin- 
gen, Germany) with DMEM + 15% FCS (supplemented 
with lOOUml"' Penicillin, 100|igml~^ Streptomycin) 
with a seeding density of 3 x 10"* cells/cm^. 

2.2.2. Culture and preparation of human 
preadipocytes I collagen scaffold grafts 

The cells were then cultured at 37°C at 10% CO^. The 
following day medium was changed and supplemented 
with EGF (epidermal growth factor, lOngml"', 
Sigma). Preadipocytes of the second passage at con- 
fluence (Fig. 2) were trypsinised. The cells were resus- 
pended in 0.5 ml of DMEM 15% FCS and counted in a 
haemocytometer. A suspension of 100 containing 
i X 10^ + 5 X 10* cells, was seeded on the upper surface 
by gentle dropping on the pre-wetted scaffolds. The di- 
rection of the pores was perpendicular to the surface 
(Fig. 1), so that the medium and the accompanying 
cells could be soaked in the sponges. The sponges were 
left undisturbed in the incubator for 24 h to allow the 
cells to attach. 

In order to assess the ratio of preadipocytes to all 
cultured cells, differentiation was induced by adding dex- 
amethasone 250 nmol mP ' and insulin 5 jig ml"' to the 
control dishes. The percentage of preadipocytes was cal- 
culated by direct counting using the phase-contrast 
microscope (Zeiss, Germany). Seven preadipocyte/col- 
lagen constructs were not grafted and microscopically 
and ultrastructurally assessed after 24 h in vitro (see 
Section 2.4.1). 




Fig. 2. Human prcadipocylcs (first passage) in monolayer culture ai 
dav 10 uflcr isolalion. The diffcrcnuation is suppressed by added EGF 
(epidermal growui lacior). 



2.3. In vivo experiments 

2.3.1. Transplantation 

Twenty-four hours after seeding of the cells to the 
scaffolds (Fig. 3), 14 fabricated preadipocyte/sponge (S +) 
constructs were transplanted subcutaneously to the right 
scapular area of 14 athymic, 8-week-old, nude mice 
(nmri, nu/nu, Charles River, Germany). The base of the 
constructs was placed on the muscle fascia. In each of 
these animals a control scaffold (S — , without cells, 24 h 
soaked with DMEM) was transplanted to the left scap- 
ular area through a separate incision. All animal experi- 
ments had been performed according to the animal 
protection laws and were officially permitted. 

2.3.2. Explantation 

After 3 weeks (group A, n = 7) and 8 weeks (group B, 
n = 7) the mice were killed and the grafts were explanted. 
These two groups were formed randomly, The macro- 
scopic aspects (colour, vessels, ingrowth} of the grafts 
after excision were documented, 

2.3.3. Weight 

The weight of each sponge was assessed dry (before 
wetting), 24 h after the cells were seeded onto the sponge 
(before transplantation) and after explantation (3 
weeks — group A — or 8 weeks — group B — after trans- 
plantation). The weights of the scafilblds were averaged 
by using data from all mice at each examination date 
(dry, 24 h in vitro, 3 weeks (group A) and 8 weeks (group 
B) in vivo). 

2.4. Histology I immunohistochemistry 

The explanted material was divided. One half was fixed 
in 4% buffered formaldehyde solution, embedded, verti- 
cally sectioned, and stained. The other half was cryofixed. 




>ig. 3 Ihiiiian proadipocylcs 24 h aflcr bcnig sccocd on collagen 
sporigus. Good adherence of viable cells can be observed bul ihc 
penetration to trie scalTold center is not sufficient. 299 (im shows the 
best penetration into the collagen sponge. Note the collagen sponge 
lamellar straciiirc tsemi-inm, x40u, toluidinc-bluc), 



von Heimburg er al. / 



Ultrastructural images were obtained from two in vitro 
and eiglit in vivo specimens. 

2.4.1. Microscopy and inimunohistochemistry 

The formalin fixed fragments were dehydrated in as- 
cending series of aicohols and embedded in paraffin. 
Tissue slices of 2 ).mi were prepared and stained with 
hematoxylin-eosin and Giemsa. The cryofixed fragments 
were also stained with oil-red in order to identify lipid 
vacuoles. 

2.4.2. Immmo histochemistry 

Paraffin cuts of S-l- and S— grafts were stained by 
monoclonal antibodies specific for human vimentin 
(mahv, clone V9, Code Nr. M 0725 Lot 057, DAKO, 
Denmark). The antibody was used at a dilution of 1 : 10. 

Three blinded examiners (D.V.H., H.K., S.Z.) indepen- 
dently assessed the histological sections. When there 
were differences between the assessments, the mean value 
was calculated. 

2.4.3. Thickness of the grafts 

The thickness of the graft was assessed by measuring 
the thickness of the cross-sectional cut of the collagen 
sponge at three different sites using intraocular micrometer 
(Zeiss) and a mean value for each graft was calculated. 

2.4.4. Cellularity 

Microscopic lields of the cross-sectional cuts (Fig. 4a) 
were examined at 200 x magnification. The overall cellu- 
larity was assessed by counting all Giemsa stained cells in 
these fields. For base, centre and surface areas the num- 
bers were obtained and a mean value for the cellularity of 
each cut was calculated. 

2.4.5. Cellularity of seeded preadipocytes 
Microscopic fields of the human-vimentin stained 

cross-section (Fig. 4a) were examined under 200 x mag- 
nification. The cellularity was assessed by counting all 
human-vimentin positive cells in these fields. 

2.4.6. Penetration of seeded preadipocytes 

In representative areas of the cross-section (Fig. 4b) the 
penetration depth of human-vimentin positive cells was 
measured at 200 x magnification by using intraocular 
micrometer (Zeiss, Germany). 

2.4. 7. Ultrastructural appearance 

After fixation (] % osmium tetroxide) the microdissec- 
ted samples were dehydrated and embedded in Epon- 
Araldite. Semi thin sections (1 \i.m) were stained with 1% 
toluidine blue and areas of interest selected for electron 
microscopy. Ultrathin sections (0.1 \.im) were collected on 
copper grids and stained with uranyl acetate and lead 
citrate. Sections were viewed by a Philips EM 400 elec- 
tron microscope. 
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Fig. 4. Scheme of the microscopical fields lo assess of the eross-scc- 
tionill cut or the conslrucls: (a) tor assessment oi cellulHiily (Giemsa 
stain, mah-vimentin stain), (b) assessment of the penetration depth 
(Giemsa stain). 



2.4.8. Statistical evaluation 

Data of weight and thickness of the grafts, the overall 
cellularity in the grafts and the penetration depth of the 
seeded human preadipocytes were expressed as mean 
value ± standard deviation. The significance of differ- 
ences at different time points and between the 
preadipocyte/collagen constructs and the control grafts 
was evaluated by the Mann- Whitney [/-test, Differences 
at p < 0.05 were regarded to be significant. 



3. Results 
3.1. In vitro 



The preadipocytes adhered well to the plates. The at- 
tached cells uniformly presented elongated fibroblasl-like 
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morphology. By adding EGF enriched medium after 24 h 
a dilTerentiation of tlie preadipocytes to mature 
adipocytes by accumulating lipid could be suppressed 
completely, Confluence was achieved after 10 days. There 
was no initiation of adipocyte dilTerentiation (Fig. 2) 
which is usually observed al prcadipocytc confluence. An 
8-fold increase in cell number was observed, 

Twenty-four hours after the seeding to the collagen 
scaffolds individual cells filled the spaces of the sponge 
porous system (Fig. 3). Seven S-t- grafts were assessed for 
microscopical appearance and thickness measurements 
after 24 h. At that time penetration of the cells was only 
observed into the scaffold surface areas. The maximum 
penetration of the cells into the scaffold (surface to cells) 
was 299 + 55 fim. At the time of transplantation pre- 
adipocytes were round shaped but showed no signs of 
differentiation to mature adipocytes (Fig. 3). 

3.2. In vivo 

No animal died during the operation or during the 
observation period. There were no infections. Therefore, 
all 28 grafts (14 collagen sponges with preadipocytes and 
14 collagen sponges without cells) could be included in 
the evaluation. 

3.2.1. Macroscopical examinations 

Transplants (group A, 3 weeks): In all animals the grafts 
could easily be identified. The gross shape of the scaffolds 
was almost unchanged, All collagen sponges with 
preadipocytes showed a thin layer of macroscopically 
yellow tissue and new vessels on the top (Fig. 5), This 
layer could not be removed and was tightly connected to 
the sponge. The control grafts appeared white and almost 
avascular. The sponge tissue was easily dissected and the 
slight adhesions to the surrounding tissue were carefully 




Fig. S. Macroscopic appearance of the grafts after 3 weeks in the nude 
mouse. A thin yellow tissue presented on the prcadipocytc grafts with 
new vessel formation (left). The contralateral control sponge out of the 
same animal revealed almost no change to the sponge before transplan- 
tation and no vessels (right). 




Fig. 6. Macroscopic appearance of the gr:ul.s after 8 wcck.s in the nude 
mouse. The yellow tissue presented on all pieadipocytc grafts (left) 
while the contralateral control sponge out of the same animal revealed 
a different structure inght). 



separated. There were fine ligamentous contacts to the 
surrounding mouse tissue, while the sponges without 
cells did not show these connections. 

Transplants (group B, 8 weeks): In all animals the grafts 
could be easily identified. The sponge volume had de- 
creased and macroscopicaily the grafts appeared irregu- 
lar with rounded edges (Fig, 6). Ail sponges with 
preadipocytes presented yellow tissue on the surface. The 
control sponges also showed the signs of degradation, 
but no vessels and they still appeared white. 

3.2.2. Weights 

The course of the weights is shown in Fig, 7, There was 
remarkable weight reduction at the time of cxplantation 
compared to the weights after 24 h in vitro. The weight 
loss was proven to be significant for both graft types 
Ip < 0.05). The higher weight of the S+ grafts compared 
to the S- grafts was also significant (p < 0.05). 

3.2.3. Histonioj-phologic chronology of the grafts 
Group A, 3 weeks: All grafts presented a thin capsule 

layer of fibro-vascular tissue, No neutrophils were found. 
The scaffold itself appeared almost unchanged and the 
homogenous pore structure was still present. The mean 
pore size was measured 40 + 5 jim. At the edges of the 
sponges minimal signs of degradation (curling) were ob- 
served. 

Microscopical examination of the grafts demon- 
strated viable adipose tissue located on the surfaces of the 
scaffolds under the capsule. The adipose tissue was com- 
posed of up to 10 layers of adipocytes, Mature adipocytes 
were found in the areas just beneath the surface (Fig. 8). 
No differentiated adipocytes were observed in the central 
region of the sponges. Many vessels presented in this new 
formed adipose tissue. In the S— grafts no adipocytes 
were found at all. 
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Fig. 7. Microscopicaf view of the scaffold after 3 weeks in the nude 
mouse. DilTcrcntialcd adipocytes arc more numcious in the upper 
jayers of the colhiiion matrix. In the deeper sponge areiis adipocytes 
iippeai siiialici- and coasfnclcd' by the collagen mjitcnal (scmi-lhin, 
X 200. loliiidine-bluo). 



Group B. H weeks: After 8 weeks all grafts were encap- 
sulated by a thin layer of fibro-vascular tissue compara- 
ble 10 that seen after 3 weeks. There was a slightly higher 
number of macrophages and few giant cells. The scaffolds 
were more degraded and the structure had changed to 
a more irregular structure (shrinkage and curling). The 
pores appeared to have collapsed and only in some areas 
the homogenous structure of the scaffold was observed. 



Viable adipose tissue was found unchanged in layers on 
the top of the S+ grafts. The S— grafts did not show 
adipose tissue attached to the scaffolds. 

Thickness of the grafts could be easily assessed and the 
course is shown in Fig. 9. There was a decrease compared 
to the thickness alter 24 h m vitro. The decrease in the 
first 3 weeks was greater for the S + grafts than for the 
S- grafts, the decrease was significant for both graft 
types. There was only a slight decrease between 3 and 
8 week values. Variation of the thickness in each group 
was more obvious in the S— grafts while there were 
no statistical differences between the S -f and the S — 
grafts. 

The overall celiularity was higher in the S -I- grafts. The 
S -f grafts showed higher cell number on the upper side of 
the sponge compared to the S— grafts in vivo after 
3 weeks. Assessment of cell density revealed 97 + 49 
(cells/field) in the S + grafts compared to 80 + 45 
(cells/field) in the S — grafts after 3 weeks. After 8 weeks 
in the S -I- grafts ceilularity was 77 + 56 (cells/field) while 
the S- grafts showed 66 ± 44 (cells/field). 

3.2.4. Immunohistochemistry 

Staining for human-vimentin indicated that cells with- 
in the S+ grafts were strongly positive and human ori- 
gin. There was no staining in the grafts. This specific 
ceilularity slightly decreased between 3 weeks 60 + 52 
(ceils/field) and 8 weeks 40 ± 26 (cells/field). 
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Fig. 8. Weight of preadipocyto/collagcn and control grafts. As assumed there was significant increase after the welting and sccdinjj of the collagen 
scaffolds. The decrease of the weight was slenificanl aftci' 3 weeks in vivo for prcadipocytc/coUagcn grafts and the control grafts {*p < 0.05). There were 
signilicant differences between the type of grafts after 3 weeks (unnolched box plot with outliers represented by data points). 
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Fig. 9. Thickness showed significant decrease in the first 3 weeks of implantation (*p < 0.05). No statistical ciiflcrcnec could be seen helwecn 
prcadipocytc/coUaBcn grafts and control grafts while the thickness in the pre prcadipocytc/collagcn grafts was more constant. 




24 hrs. in vittx) (mab-vim+)surf3 w (mab-vim +) surf 8 w 



Fig. 10. Average maximum penetration depth of human prcadipocytcs in collagen constructs in vitro (after 24 h) and of mah-vimcntin stained cells on 
cross-seclional areas in vivo (3 and 8 weeks in the nude mouse). There wa-s significant increase in penetration depth between in vitro and 3 wcek.s and 
8 weeks in vivo. After & weeks in some scaffolds human cells could be found in the centre (2.5 mm depth). 



Penetration depth of the human preadipocytes is 
shown in Figs. 10 and 11. There was a significant increase 
compared to the penetration depth after 24 h. After 
8 weeks the mean penetration depth of human pre- 
adipocytes in the grafts was higher. 

5.2. J. Uhrastruclure of the grafts 

Twenty-four hours in vitro (Fig. 12): The cytoplasm 
showed few small fal droplets, which identified them as 
preadipocytes. The typical preadipocytes showed numer- 
ous organelles and most of these were located in the 



paranuclear area. The preadipocytes presented elongated 
contour and tight contact to the scaffold. 

Three weeks in vivo (Fig. 13): The lipid droplets were 
larger. Cells with single large lipid droplets were seen. 
There were multiple capillaries located near the 
preadipocytes and adipocytes. New collagen fibrils were 
found in close vicinity to the collagen of the scaflbld. 
Viable adipocytes (with minimal in the narrow pores) 
were found only to a depth of 350 |.tm (Fig. K). Adipocytes 
were closely attached to the scaffold collagen and 
bundles of new collagen fibrils were found inbetwecn. 
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Fig. 1 1. Invaded human ccHs in a prcadipocyte/collap.cn g.ratt in group 
A (3 weeks in vivo). Note good and homogenous dislribuiioii orhiinuin 
cells in the scaffold and the attached mature adipocytes which arc not 
stained (x?.00, mah-vim stain). 




Fig. 12. Ultrasti ucturo of human picadipocytc attached to a collagen 
sponge after 24 h in vitro. The oclis arc closely adhered to the scaffold 
collagen material. Note the small lipid droplets which identifies the ca3ll 
as a prcadipocytc. 



Undifferentiated preadipocytes presented deep inside the 
sponge in narrow pores and were closely attached to the 
scaffold material, 

Eight weeks in vivo: Morphology of the adipocytes was 
unchanged. The scaffold showed a more irregular struc- 
ture and obsliucted pores by collapsed collagen rem- 
nants. There were some giant cells and newly formed 
ECM mainly composed of collagen fibres. 



4. Discussion 

This study presents an efficient method of adipose 
tissue transplantation for the reconstruction of soft tissue 
defects. Human preadipocytes were isolated, cultured 




and attached to collagen sponges of specific pore struc- 
ture. The preadipocytes survived transplantation into the 
immunodeficient mouse and fully differentiated at the 
recipient site after vascularisation. 

The first transplantation of adipose tissue was per- 
formed over a century ago in an attempt to find an 
optimal material for autologous soft tissue replacement. 
In general, the results were unsatisfactory because of 
shrinkage up to complete resorption of the grafts [13]. 
Hausberger was the first to achieve a successful take of 
fat grafts by using immature adipose tissue in a new born 
rat model, The immature adipose tissue was transplanted 
'empty', some days before fat deposition began. Hausber- 
ger observed fat deposition in the free transferred 
adipocytes at the recipient site. The volume of the grafts 
reached 83% of the non-transplanted controls [14], This 
amount of surviving adipose tissue after free transplanta- 
tion could never be reached by other techniques 
[7,15,16]. 

Hausberger's results prompted a further investigation 
of preadipocyte transplantation instead of the transplan- 
tation of mature adipocytes. In previous experiments wc 
achieved a delipidation of mature adipose tissue by 
mechanical compression in vivo. The adipocytes changed 
their signet ring-like appearance to an elongated contour. 
After free grafting of this compressed adipose tissue the 
storage of lipid in the cells reoccured similar to the 
differentiation of preadipocytes to adipocytes. The revas- 
cularisation and the take of these compressed grafts was 
better than with non-compressed adipose tissue [17]. 
This procedure proved to be too elaborate, for clinical 
application. Therefore an alternative method to obtain 
non-differentiated cells out of adults was used as de- 
scribed by Rodbell [18]. Rodbell was the first who 
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separated preadipocytes from mature adipocytes out of 
adipose tissue by coUagenase treatment. The fraction 
of preadipocytes in adipose tissue has a great variability 
depending on the species and its age. In rats 50% of the 
stromal-vascular cells are preadipocytes, whereas in hu- 
mans the fraction is between 1% in children and less than 
0.1% m adults [19,20]. 

In contrast to previous studies, e.g. Patrick et al. who 
used rat preadipocytes [21], we cultured and trans- 
planted precursor cells of human origin in the study 
presented. 

For a good outcome we found it important to trans- 
plant a high number of preadipocytes. For this reason 
culture medium was enriched by EGF to support prolif- 
eration and suppress differentiation of preadipocytes. By 
using this medium an 8-fold increase in cell number in 
monolayer was reached before seeding the cells onto the 
sponges. After the implantation the preadipocytes differ- 
entiated to mature adipocytes in vivo. EGF reversibly 
suppressed the differentiation of preadipocytes during 
the in vitro period. This observation supports the use of 
EGF as opposed to other cytokines which cause irrevers- 
ible inhibition of differentiation [22]. 

In our study preadipocytes were identified after in- 
duced differentiation to adipocytes by the enrichment of 
the medium with dexamethasone and insulin. This 
method proved to be reliable and detected that more 
than 80%) of the cells for grafting were preadipocytes. 
The direct distinction between preadipocytes and pos- 
sible fibroblasts in the monolayer culture is currently not 
possible [23]. Stored lipid droplets in the cytoplasm have 
specific microscopical features during differentiation but 
markers of preadipocytes at earlier stages are not very 
specific. Vimentin and also ADRP (Perilipin) were first 
introduced as typical markers for preadipocytes [24]. 
However these proteins were also found in other cells, i.e. 
vimentin occurs in almost all mesenchymal cells [25] and 
ADRP also in Schwann cells [26]. 

The optimal matrix for preadipocyte transplantation is 
not yet known. Collagen is a widely used material in 
tissue regeneration and porous collagen matrix supports 
cellular ingrowth and new matrix synthesis [27-29]. 

To this date bovine collagen was not the optimal 
choice because it could not be manufactured with a high 
degree of reproducibility [30]. Freed ct ai. found many 
pores to be 'closed' and not open for the ingrowth of cells. 
In preliminary work we could show that commercially 
available collagen scaffolds have an irregular pore size 
distribution and therefore in vitro results based on these 
matrices vary greatly (unpublished data). The used col- 
lagen scaffolds produced by a directional solidification 
method [1 1] and subsequent frecze-drying [12] provided 
a regular architecture and therefore more reproducible 
results than scaffolds with an irregular pore structure. 

We found that the in vivo differentiation of the trans- 
planted preadipocytes also depends on the scaffold 



architecture. The human preadipocytes penetrated the 
scaffold in vivo to a depth of more than 1400 }.im, where- 
as mature adipocytes were only found to a depth of 
350 |.im. Developing adipocytes grow to a diameter of up 
to 100 |.Lm and their further growth and differentiation 
appeared to be restricted due to the narrow pore size of 
the scaffold. As seen in previous studies mechanical com- 
pression of adipose tissue leads to delipidation [17]. We 
conclude that preadipocytes need enough porous space 
to differentiate to mature adipocytes. In case of 
preadipocytes which enlarge significantly during differ- 
entiation due to incorporation of lipids it is assumed that 
pore sizes arc required that are larger than 40 |.uti. 

The transplantation of isolated and cultured 
preadipocytes within a standardised collagen matrix re- 
sulted in well vascularised adipose-like tissue. The results 
support the use of direclionally solidified collagen 
sponges as preadipocyte delivery matrix in adipose tissue 
engineering. Currently, we cannot compare our results to 
other studies because to our knowledge no other invest- 
igations on the transplantation of human preadipocytes 
have been published yet. Other matrices and larger pore 
sizes have to be tested in order to define the optimal 
delivery matrix. 
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Novo Adipogenesis through Corelease of Basic Fibroblast 
Growth Factor, Insulin, and Insulin-Like Growth Factor I 
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ABSTRACT 

De novo adipose tissue formation appears to proceed via two difTerent biological events; neovascu- 
larization and spontaneous accumulation oipreadipocytes and subsequent differentiation to mature 
adipocytes. In this article, we perform accelerated de novo adipose tissue engineering using photo- 
cured, styrenated, gelatin-based microspheres (SGMs) with different drug release rates of immobi- 
lized angiogenic and adipogenic factors. The concept of this system is to induce neovascularization 
and migration of endogenous preadipocytes by the rapid delivery of the angiogenic factor basic fi- 
broblast growth factor (bFGF), followed by the proliferation and differentiation of preadipocytes 
into adipocytes by the prolonged delivery of the adipogenic factors, insulin and insulin-like growth 
factor I (IGF-I). Bioactive substance-immobilized SGMs wiUi different drug release rates were pre- 
pared with different gelatin concentrations. An in vitro study showed the prolonged release of an 
immobilized model protein and the dependence of drug release rate on gelatin concentration. After 
the subcutaneous injections of SGMs immobilized with these bioactive substances in different com- 
binations, the formation of masses or clusters of adipocytes was observed in rats. Triglyceride con- 
tent in the injection site for the group that received bFGF-, insulin-, and IGF-I-immobilized SGMs 
w as significantly higher than that for the group that received insulin- and IGF-I-immobilized SGMs 
4 weeks after the injection of microspheres. These results suggest that the system developed here is 
effective for the de novo formation of adipose tissue as it enables the induction of the two-step bio- 
logical reaction by single injection. 



INTRODUCTION 

SOFT TISSUE AUGMENTATION IS Still ati Ongoing chal- 
lenge in tlie field of plastic and reconstructive sur- 
gery. The use of adipose tissue equivalents is required 
for the treatment of soft tissue defects such as congeni- 
tal malformations (e.g., hemifacial microsomia and 
Poland's syndrome) and postti-aumatic or postoperative 
wounds. The available clinical approaches to overcom- 



ing these issues include local-regional or free mi- 
crovascular flaps, dermal fat graft, collagen injection, the 
use of synthetic materials, and autologous fat transplan- 
tation. Each of these methods, however, is associated 
with certain drawbacks such as operative risk to some 
degree, donor site morbidity, resorption of implanted 
grafts, and foreign body reaction to the implanlcd syn- 
thetic materials.'"" 
The tissue-engineering approach to forming adipo.se 
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tissue can be realized via two methods: one method is 
to transplant preadipocytes with or without a scaffold 
into the site in which soft tissue repair is required, 
followed by the spontaneous differentiation of pre- 
adipocytes or adipocyte progenitor cells to mature 
adipocytes,-''""^ and the other method is de novo adi ■ 
pogenesis, which proceeds via a two-step biological 
process. First, the enhanced migration of preadipocytes 
is accompanied by induced local neovascularization, 
followed by the subsequent adipogenic differentiation 
of preadipocytes to mature adipocytes.""''' Regardless 
of the type of approach, neovascularization appears to 
be essentially required to avoid necrosis and possibly 
to secrete unknown differentiation factors. These two 
different biological events of angiogenesis and adipo- 
genesis have been proven to be promoted by the addi- 
tion of basic fibroblast growth factor (bFGF) for the 
former process and insulin and insulin-like growth fac- 
tor I (IGF-I) for the latter process."""^ 

For example, de novo adipogenesis was realized by 
injecting a mixed solution of an extract of a basement 
membrane (Matrigel) and bFGF'' or gelatin micros- 
pheres immobilized with bFGF,'^''^ or by injecting 
poty(lactic-co-glycolic-acid)-pol>ethylene glycol (PLGA/ 
PEG) microspheres coimmobiiized with insulin and IGF- 
1 into the subcutaneous lesion.''' However, an attempt at 
long-term simultaneous delivery of both angiogenic and 
adipogenic factors to generate adipose tissues has not yet 
been reported. 

Our approach toward de novo adipose tissue formation 
aims at the construction of a long-term simultaneous de- 
livery system for angiogenic (bFGF) and adipogenic (in- 
sulin and IGF-I) factors, both of which are separately im- 
mobilized in photocured, styrenated gelatin microspheres 
(SGMs). Our previous study showed that a photocured 
SG matrix can serve as a drug delivery system with the 
following features: (1) the desired amount of drug in a 
photocured matrix can be easily loaded and (2) the drug 
release rate can be controlled.'^ 

Our strategy by which de novo adipose tissue forma- 
tion is accelerated involves coinjection of three differ- 
ent types of photocured SGMs, each of which is im- 
mobilized with protein drugs of different biological 
activities. Because an ideal scenario of de novo adipo- 
genesis involves a sequential or simultaneous process of 
capillary formation and accumulation and differentiation 
of preadipocytes to adipocytes, co-use of SGMs with the 
fast release characteristic of bFGF and SGMs and the 
relatively slow release characteristic of both insulin and 
lGF-1 may be beneficial. In this study, the preparation 
of SGMs, and their in vitro drug release characteristics, 
ai'e described and the adipogenic effects on implantation 
of these microspheres into subcutaneous lesions of rats 
are examined. 



MATERIALS AND METHODS 
Materials 

Gelatin (from bovine bone; MW, 9.5 X 10'' g/mol) was 
purchased from Wako Pure Chemical Industries (Osaka, 
Japan). Water-soluble carfooxylated camphorqu inone (CQ), 
( 1 S)-7,7-dimethyl-2,3-dioxobicyclo[2.2, 1 jhepatane- 
1-carboxylic acid, was prepared according to the 
method described previously.' * Rhodamine-lactalbumin, 
fluorescein isothiocyanate (FITC>-insulin, and 3,3-di- 
aminobenzidine were purchased fi-om Sigma (St. Louis, 
MO). Recombinant human basic fibroblast growth factor 
(bFGF) was purchased from R&D Systems (Minneapo- 
lis, MN). Recombinaiithuman IGF-I was purchased from 
Genzyme (Cambridge, MA). Anti-human von Wille- 
brand factor antibody and peroxidase-conjugated anti- 
rabbit IgG antibody were purchased from DakoCytoma- 
tion (Carpinteria,CA). Cryostat specimen matrix (Tissue- 
Tek O.C.T, compound) was purchased from Sakura 
Finetek Japan (Tokyo). All other reagents were.purchased 
from Wako Pure Chemical Industries. 

Preparation of st)'renated gelatin microspheres 

The synthesis of photocurable, styrenated gelatins 
(styrene content, approximately 27.6 per gelatin mol- 
ecule) and preparation of aqueous styrenated gelatin 
solutions were carried out according to procedures re- 
ported previously.''' Briefly, styrenated gelatin was 
synthesized by condensation reaction of gelatin with 
4-vinylben2oic acid. The reaction mixture was dia- 
lyzed and then lyophilized, using a freeze-drier. One 
gram of aqueous styrenated gelatin solution was 
poured into 20 mL of liquid paraffin with 0.2% Span 
85 and stirred at 120-150 rpm under visible light 
irradiation, using an 80-W halogen lamp (Tokusou 
Power Lite; Tokuyama, Tokuyama, Japan; wave- 
length, 400 nm < A < 520 nm; iiradiation intensity, 
1.3 X 10'' lux) for 20 min, After the addition of 20 mL 
of hexane, the gelatin microspheres formed were col- 
lected by filtration through a glass fiber filter (pore 
size, 0.6 jxm). The microspheics were then washed 
three times with 40-mL aliquots of hexane to remove 
residual paraffin, and dried for 1 h at room tempera- 
ture. SGMs were used in further in vitro or in vivo ex- 
periments immediately after preparation. 

Mo rj?lw logical analysis of microspheres 

SGM morphology was determined by scanning elec- 
tron microscopy (SEM) (JSM-6301F; UEOL, Tokyo. 
Japan). Particle size was determined on the basis of ran- 
domly selected 500 microspheres from 5 fields of view, 
using an optical microscope (TE300; Nikon, Tokyo, 
Japan) fitted with a micrometer scale. 
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In vitro drug release 

Two hundred milligrams of aqueous gelatin solution 
containing 0,1 wt% CQ and 0.2 wt% rhodamine-lactal- 
bumin or FITC-insulin as model drugs, was poured into 
the bottom of a well of a 48-weil dish, and then irradi- 
ated with 1,3 X 10* lux of visible light for 3 min to form 
a gel. Disk-type gels were dispensed into a 1 2-wel] dish. 
Two milliliters of phosphate buffer solution (PBS, pH 
7.4) supplemented with penicillin and stieptomycin was 
added to each well and liquid samples were withdrawn 
from the wells at regular intervals at 37°C, The amount 
of model drug released from the gel was determined 
spectrophotometrically at 558 nm for rhodamine-lactal- 
bumin and at 493 nm for FITC-insulin, respectively (DU 
530; Beckman Coulter, Fullerton, CA). 

In vivo experiments 

Animal experiments were reviewed by the Committee on 
the Ethics of Animal Experiments (Faculty of Medicine, 
Kyushu University, Fukuoka, Japan) and earned out in ac- 
cordance with the Guidelines for Animal Experiments of the 
Faculty of Medicine, Kyushu University and the law (no. 
!05) and notification (no. 6) of the Japanese government. 
Six-week-old male Wistar rats (Kyudou, Saga, Japan) were 
anesthetized by intraperitoneal injection of pentobarbital (40 
mg/kg). Either bFGF, insulin, or IGF-I was premixed with 
aqueou.s st^'renated gelatin solution, and SGMs were pre- 
pared according to the procedure described previously. The 
gelatin concentrations were 20% for bFGF-immobilized 
SGMs and 30% for insulin- or IGF-I-immobilized SGMs. 
One hundred milligrams of bioactive substance-immobi- 
lized SGMs was injected subcutaneousiy into the dorsal area 
bilaterally. Table 1 details the SGMs used in these experi- 
ments, with their various contents of bioactive substances. 
For group IV, two different SGMs, each immobilized with 
insulin (2 IU/100 mg of SGM) or IGF-I (2 ^ig/100 mg of 
SGM), were prepared separately, and mixed in equal 
amounts and injected at each site. For group V, three types 
of SGMs immobilized with either bFGF (3 jU.g/100 mg of 
SGM), insulin (3 lU/lDO mg of SGM), or IGF-I (3 ;u,g/100 
mg of SGM) were prepared and mixed in equal amounts for 
injection. SGMs without any bioactivcsub.stances were used 
as control. The amount of immobilized insulin was deter- 
mined approximately fi-om our prehminaiy animal experi- 
ments. That is, a single subcutaneous injection of a quan- 
tity lO-fold higher than the total immobilized amount (10 
lU of insulin for injected SGMs used for this study) in the 
backs of rats resulted in death within I day of injection, 
whereas injection of one-tenth the total immobilized amount 
resulted in no adipose tissue formation. The amount of to- 
tal immobilized IGF-I was determined from those in previ- 
ous papers.' '' '^ Four rats for each experimental group were 
used and samples were harvested for further studies. 



Table 1. Experimental Groups" 
AND Ingredients Formulation 



Active ingredient {per 100 mg of SG] 



Group no. 


bFGF (ixg) Insulin (lU) 


IGF-l (p,g) 


1(0.01) 


O.Ol — 




I (0.0 1) 


O.I — 




1(1) 


1 — 




1(10) 


10 — 




II 


— 1 




III 




1 


IV 




1 


V 


1 1 




VI (control) 







^Gioup I: SGMs immobilized with bFGF at four different 
concentrarions{/j,g per iOOmgofphotocuredSG) (group! [0.01 
^j,g3, group I [O.IJ; group I [!], and group I [10]). Group II: 
SGMs immobilized with 1 lU of insuiin per 100 mg of photo- 
cured SG. Group HI: SGMs immobilized with 1 p.g of IGF-[ per 
100 mg of photocuredSG. Group IV: SGMs immobilized with 1 
lU of insulin and 1 pg of lOF-I per 100 mg of photocured SG. 
Group V: SGMs immobilized with I pg of bFGF, 1 lU of in- 
sulin, and 1 ^ig of IGF-I per 100 mg of photocuredSG. Group 
VI: SGMs immobilized with no ingredient. 



Histological studies 

Skin paddles with underlying subcutaneous tissue 
(2X2 cm^), including the site of injection, were har- 
vested and fixed in 10% formalin. For groups I (0.01) 
(0.01 ju,g of bFGF per 100 mg of SGM), I (0.1), I (1), I 
(10), and VI, the specimens were embedded in paraffin 
and sectioned, followed by staining with hematoxylin 
and eosin (H&E) or immunostaining with an antibody 
to human von Wiilebrand factor at a dilution of 1 :1600 
at 4°C for 16 h. After further incubation with the pei- 
oxidase-conjugated anti-rabbit IgG antibody , peroxidase 
activity was visualized with 3,3-diaminobenzidine. The 
immunostained sections were counterstained with hema- 
toxylin. Twenty different fields were selected from fi- 
brous tissue surrounding residual injected SGMs for 
determining the number of capillaries (X200 magnifi- 
cation). For groups I (1), II, III, IV, V, and VI, the spec- 
imens were divided into two pieces. One-half of each 
specimen was embedded in paraffin for H&E and von 
Wiilebrand factor staining, and the remaining half was 
embedded in O.C.T. compound, cryosectioned, and 
stained with Sudan IV. 

Lipid analysis 

Fibrous tissue (2X2 cm-), which lies in between the 
cutaneous muscle of the trunk and the superficial mus- 
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FIG. 1. Scanning electron micrographs of SGMs. SG concentration: (A) 20%, (B) 30%, (C) 40%, (D) 50%. 



cles of the back, including the site of SGM injection, was 
harvested. The specimens were minced and homogenized 
in distilled water. Total lipid was exti'acted with chloro- 
form-methanol (2:1, v/v) and centrifuged for 5 min at 
1.2 X 10"* ipm. The mixed organic solution layer con- 



taining triacylglycerol was extracted and placed under 
vacuum to evaporate the chlorofoim and methanol. Tri- 
acylglycerol content was measured with a tnglyceride 
E-test kit (Wako Pure Chemical Industiies) according to 
the manufacturer's instructions. 




<ffl -elOO <15D <SI» <J,'ill <fll« <.1jO <^t)0 «4S) <JW SWk <fO <""' <'■* <200 <250 <3C0 OSO -eKX) <5CI0 X0< 

Diameter (nm) Diameter (nm) 




Diameter (urn) Diameter jyum] 

FIG. 2. Panicle size distribution of SGMs. SG concentration: (A) 20%, (B) 30%, (C) 40%, (D) 50%. 
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TAiu.fi 2, Mean Particle Diameter op SGMs as 
Function of SG Concentration 



SG cancel 


tration (wt %) 


Mean diameter (fjun ± SD)" 


20 




25,4 ± 18,6 


30 




85.9 ± 69.9 


40 




145,8 ± 113.4 


50 




187.1 ± 234.5 



Abbreviations: SG, styrenated gelatin; SGMs, styrenated 
gelatin-based microspheres. 

"The data were statistically determined on the basis of 500 
particles randomly selected from 5 fields of view, using an 
optical microscope. 



Statistical analysis 

Experimental results were expressed as means ± stan- 
dard deviation (SD). The data were subjected to statisti- 
cal analysis (analysis of variance, ANOVA). Statistical 
analysis was cairied out by ANOVA with a Tukey- 
Kramer post hoc test; p < 0.05 was considered statisti- 
cally significant. AH statistical analyses were perfonned 
with StatView 5.0 (Abacus, Berkley, Calif,, USA). 

RESULTS 

Preparation and morphological analysis of 
photocured gelatin microspheres 

Styrenated gelatin (SG)-based microspheres (SGMs) 
were prepared by dispersing an aqueous solution con- 
taining SG and carboxylated camphorquinone as a pho- 
tocleavable radical generator in liquid paraffin under stir- 
ring at room temperature and subsequently subjecting il 
to visible light irradiation. SEM observations revealed 
that the SGMs obtained by filtration are fairly round par- 



ticles with a smooth surface (Fig. lA-D), Qualitatively, 
at higher SG concentration, larger microspheres with a 
broader diameter disti'ibution were obtained. In a quan- 
titative study to determine population size, the obtained 
histograms show that, at the lowest SG concentration 
(20%), the size of the majority of microspheres was be- 
low 50 /am, and that an increase in SG concentration re- 
sulted in a heterogeneous size distribution (Fig. 2A-D), 
The mean particle diameter of SGMs ranged from ap- 
proximately 25 to 187 /j,m, depending on SG concentra- 
tion (Table 2). 

In vitro drug release 

The SG concentration-dependent release characteris- 
tics of model drugs, as shown below, were determined 
as follows: the photocured SG disks (diameter, 12 mm; 
thickness, 1.8 mm) were prepared fiom a premixed so- 
lution of SG with a model protein, rhodamine-lactalbu- 
min, the molecular weight of which (1 .4 X ] ff*) is almost 
identical to that of bPGF (1.6 X 10'*), and FITC-insulin, 
the molecular weight of which (6.1 X 10'') is almost iden- 
tical to those of insulin (5.7 X 10') and IGF-I (7.6 X 
10^), at various SG concentrations in the wells of cuiture 
dishes. The time course of the release of the model pro- 
tein into a buffer solution was determined spectrophoto- 
metrically. Figure 3A and B shows the time-dependent 
fi-actionai change in the amount of released rho- 
damine-lactalbumin and FITC-insulin from SG disks 
prepared at different SG concentrations, respectively. Ir- 
respective of SG concentration, the release profiles arc 
characterized by an initial burst of protein release during 
the first day, followed by prolonged release at a lower 
rate for up to 21 days (length of observation period). The 
fractional releases of both rhodamine^actalbumin and 
FITC-insulin were dependent on SG concentration; the 
higher the SG concentration, the lower the release rate. 
Significant differences in release rate were not observed 
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FIG. 3. Fractional release of (A) rhodamine-lactalbumin and (B) FITC-insulin from SG disks (Ji = 4). SG concentration: 20 
wi% (♦}, 30 wi% (X), 40 wt% (•), and 50 wc% (■). CQ concentration: O.S wi% of SG. Visible light irradiation: 3 min at a 
phoiointensily of 1,3 X 10'' lux. Values are expressed as means ± SD. 
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FIG, 4. Tissue appearance (A-E, surrounded by arrows) and von Willebrand factor-staining sections (F-J) of injection site, 2 
weeks after injection of SGMs immobilized witli 0.01 [A and F: groupl (0.01)], 0.1 [B and G: group I (0.1)], 1 [C and H: group 
1(1)], 10 [D and I: group I (10)], and 0 (E and J: group VI) pug of bFGF. 
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at a fixed SG concentration, probably because of small 
difference in the molecular weight of model proteins. 

De novo adipose tissue generation 

Various SGMs immobilized with or without bioactive 
substances including bFGF, insulin, and IGF-I were pre- 
pared at a fixed SG concentration: the SG concentrations 
used were 20 wt% for bFGF-immobilized SGMs and 30 
wt% for insulin- or IGF-I-immobiiized SGMs, One hun- 
dred milligrams of SGMs was injected into the subcuta- 
neous tissues of Wistar rats. An implantation study was 
conducted with six different groups as follows. Group I 
consisted of SGMs immobilized with only bFGF at four 
different concentrations (ju.g) per 100 mg of photocured 
SG, designated Group I (0.01), Group I (0.1), Group I 
(1), and Group I (10), Group II consisted of SGMs im- 
mobilized only with insulin (1 lU per 100 mg of photo- 
cured SG), group III consisted of SGMs immobilized 
only with IGF-I (1 jxg per 100 mg of photocured SG), 
group IV consisted of SGMs immobilized with insulin (1 
lU) and IGF-1 (1 ^g) per 100 mg of photocured SG, and 
group V consisted of SGMs immobilized with three in- 
gredients (bFGF [1 ^g], insulin [1 lU], and IGF-I [1 ixg\ 
per 100 mg of photocured SG). Group VI consisted of 
SGMs immobilized with no bioactive substances. 

Effect of bFGF-irninobUized microspheres on neovas- 
cularization. Figure 4A-E shows macroscopic views of 
tissues 2 weeks after subcutaneous injection of SGMs 
with or without bFGF. For Group I, vascularization 



around the injecrion site of bFGF-immobilized SGMs be- 
came apparent as the amount of bFGF immobilized in 
SGMs increased. The highest degree of neovasculariza- 
tion was observed for SGMs immobilized with bFGF 
at a concentration of 1 /tig/I 00 mg of photocured SG, 
whereas the lowest degree was found for group VI (with- 
out bFGF). Figure 4F-J shows results of the histochem- 
ical vWF staining of sections of the surrounding tissues 
in the injection site 2 weeks after the subcutaneous in- 
jection of SGMs with or without bFGF. The number of 
capillaries around the injection site increased as the 
amount of bFGF immobilized in SGMs increased. The 
capillary densities of the suiTounding tissues 2, 4, and 6 
weeks after injection of bFGF-immobilized SGMs, in 
comparison with those of SGMs without any bioactive 
substance, are shown in Fig. 5. The highest capillary den- 
sity was observed for group I (1) 2 weeks after injection, 
and iE was about twice that of the control group (group 
VI) during the same period; little difference in capillary 
density was observed 4 and 6 weeks after injection re- 
gardless of the group. In comparison with other groups 
(groups II, III, IV, and V), at 4 weeks postimplanlation, 
there is no significant difference in capillaiy density be- 
tween groups, although the mean capillary density of the 
bioactive substance-immobilized groups, except for the 
group with the least bFGF, is higher than that of the con- 
trol (group VI), 

Gross observations. Figure 6A-F shows macroscopic 
views of subcutaneous lesions of groups I (1), II, III, IV, 
V, and VI, 4 weeks after injection of SGMs immobilized 
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with vari ou s b i oacti V e substances. Sligh tly elevated plaques 
(approximately 1 X 1 cm^) were observed at the injec- 
tion sites of rats in groups I (1), 11, III, iV, V, and VI; 
the most prominent are those of group V (Fig. 6E). 

Histology. Figure 7A-L shows the H&E-stained sec- 
tions of rat subcutaneous lesions of Group I (I), E, III, 



IV, V, and VI samples 4 weeks after injection of SGMs 
with or without various bioactive agents. Although par- 
tial biodegradationand biosorption occur, residual SGMs 
remained in all the groups at the injection sites, which 
were surrounded by tissue composed mainly of collagen 
fibers and fibroblasts. In groups H-V, masses or clusters 
of adipocytes were observed between the layers of fi- 
brous tissue. These adipocytes existed in greater number 
in deeper lesions than in superficial lesions of the resid- 
ual SGMs. Among these groups, a larger amount of adi- 
pose tissue was observed in groups fV and V compared 
with groups II, HI, and VI. In group V, a layer of adipose 
tissue approximately 1 mm thick was observed adjacent 
to residual SGMs in deeper lesions. In group VI, how- 
ever, the injection site was suixounded by a thick layer of 
connective tissue with few adipocytes interspersed be- 
tween the layers of fibrous tissue. Sudan IV staining en- 
abled clear visualization of the presence of lipid-contain- 
ing adipocytes: Sudan fV-positive cells were observed 
mainly in clusters between the fibrous layers surrounding 
the residual SGMs, and some cells were also observed 
among cells that infiltrated residual SGMs (Fig, 8). 

Triacylglycerol content. Total lipid at the injection site 
and sun'ounding tissue was extracted with chloroform- 
methanol (2:1, v/v) and triacylglycerol content was de- 
termined. In groups IV and V, triacylglycerol content in 
the surrounding tissues of the injection site were signif- 
icantly higher than those in groups 1(1), III, and VI. Tri- 
acylglycerol content in group V was significantly (aimo.st 
1.5-fold) higher than that in group IV (Fig. 9). 

DISCUSSION 

Several studies on the de novo formation of adipose 
tissue by the sustained release of bioactive substances 
with or without matrixes have been reported. Possible ex- 
planations for this adipogenic phenomenon are the mi- 
gration of endogenous preadipocytes or mesenchymal 
stem cells into the treated site followed by their pra- 



FIG. 7. H&E-stained sections of injeciion sites. 4 weeks af- 
ter injection of SGMs immobilized with various bioaclive sub- 
stances. (A and B) Group 1 (1) (SGMs immobilized with I ^ig 
of bFGF per iOO mg of SO); (C and D) group !I (SGMs im- 
mobilized with 1 lU of insulin per 100 mg of SO); (E and F) 
group III (SGMs immobilized with I /ig of IGF-I per 100 mg 
of SO); (G and H) group IV (SGMs immobilized with 1 lU of 
insulin and 1 of IGF-I per 100 mg of SG); (I and J) group 
V (SGMs immobilized with 1 /xg of bFGF, I lU of insulin, and 
1 ixg of IGF-1 per 100 mg of SG); (K and L) group V] (no 
bioactive subslances).OriginalmagnificaLions:(A, C, E, G, and 
I) X20; (B, D, F, H, and J) X 100. A. Adipo.se tissue; F, fibrous 
layer; M, cutaneous muscle of ihe trunk; S, residual SGMs. 
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liferation and differentiation to mature adipocytes.""''' 
Various hormones, cytokines, and growth factors modu- 
late adipocyte differentiation. Among them, insulin and 
IGF-I separately stimulate adipocyte proliferation and the 
adipogeiiic differentiation of nonadipocyte cells to ma- 
ture adipocytes. ''^'-^ Angiogenic factors (e.g., bFGF) play 
a critical role in neovascularization for blood supply 
and oxygenation, and for recruitment and proliferation of 
preadipocytes.""'^'^' For example, the amount of newly 
formed adipose tissue increased with an increase in the 
concentration of bFGF, which was immobilized in Ma- 
trigel." On the other hand, there appeared to be an op- 
timal dose of bFGF immobilized in gelatin microspheres 
for adipose tissue formation.'^ 

The major issue in adipose tissue regeneration tech- 
nology is how to accelerate adipose tissue formation and 
how to regenerate a large amount of adipose tissue in the 
site of soft tissue defects. One possible means of accel- 
erating adipose tissue formation is to realize the concerted 
actions of neovascularization and accumulation of pre- 
adipocytes, which are diiven by the gradual release of 
angiogenic factors (e.g., bFGF),"''^'^^^^ which should 
operate in the early phase of implantation, followed by 
the differentiation of preadipocytes to mature adipocytes 
as induced by the sustained release of adipogenic fac- 
{QJ.5I4-16 jj^g jjjjgj. stjige jf these two different biolog- 
ical events synchronously or sequentially occur, adipose 
tissue formation would be accelerated. On the basis of 
the above-mentioned working principle, we attempted to 
devise a local drug delivery system that simultaneously 
releases these biological substances with different release 
rates. To this end, microspheres made of photocurable, 
styrenated gelatin were employed as a drug-immobiliz- 
ing and -releasing matrix.' The study on the release char- 



acteristics of rhodamine^actalbumin and FITC-insulin 
from gel into PBS revealed that the release rate is de- 
pendent on SG concentration, independent of the type of 
model drugs used within the range of the molecular 
weight tested (approximately 6 X ) 0^-1. 4 X 10") (Fig. 
3A and B). The release rate was highest for the gel pre- 
pared with the lowest gelatin concentration (20%), which 
was employed for immobilization of bFGF for the rapid 
' release of an angiogenic factor. Denser SGMs, prepared 
at 30% gelatin concentration, were employed for immo- 
bilization of insulin and IGF-I, aiming at a slower release 
of adipogenic factors than the former version. These mi- 
crospheres, which were not mechanically fragile, with- 
stood the mechanical stress applied during injection and 
implantation. 

However, it is of importance to verify and discuss how 
the in vitro releasing profile of a protein can correl ate with 
the in viva releasing profile. We did not conduct any such 
experiment in this study. It is noteworthy to cite briefly a 
series of studies by Tabata et al.^-'^-"^ They used glu- 
taraldehyde-cross-linked "acidic" gelatin (isoelectric 
point [IBP], 5 .0) as a dmg carrier, in which bFGF is sorbed 
from an aqueous solution. In vitro releasing from cross- 
linked gelatin was inhibited because of ionic interaction 
between bFGF (lEP, 9.6) and acidic gelatin, except for 
the burst release within the first day of immersion into 
buffer solution. However, in animal experiments, ra- 
dioisotope-labeledbi'GF was continuously released with 
implantation time because of proteolytic biodcgradation 
of gelatin. This indicates that in vitro releasing character- 
istics did not reflect in vivo releasing characteristics. This 
must also have occuiTed in this experiment. Although the 
lEP of gelarin used in this study was not determined, the 
in vitro releasing profile in Fig. 3A must be due to the 




FIG, 9. Total lipid was extracted from SGM injection site tissue and triacylglycerol content was measured as described in Ma- 
terials and Methods. Data represent means ± SD. 'p < 0.05. 
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combined contribution of size effects of the protein used 
and some ionic interaction between proteins and gelatin 
under no proteolytic biodegradation, as mentioned above. 
Therefore, it is highly anticipated that such a releasing 
profile does not necessaiily correlate with the in vivo re- 
leasing profile. If biodegradation is a major determinant 
for release, the time course of released bioactive sub- 
stances must depend on the degree of photocuring and 
gel ati n concentration , which are principal determin ants for 
biodegradiationas previously reported by us.'^ 

A high angiogenesis potential of bFGF-immobilized 
SGMs was noted (Fig. 4F-J). The capillary densities at 
the sites treated with bFGF-immobilized SGMs were 
higher compared with those at the sites treated with 
SGMs without bFGF (Fig. 5). The capillary density ap- 
pears to be dependent on bFGF concentration as well as 
implantalion period. At the earlier stage after injection (2 
weeks), the highest capillary density was observed at the 
site treated with group I (I) (I fig of bFGF immobilized 
per 100 mg of SG): the capillary density was almost 2- 
fold higher than that of the site treated with SGMs with- 
out bFGF. However, such dependency appears to dimin- 
ish at a prolonged period after injection (6 weeks). The 
observed tendency is in good agreement with those pre- 
viously reported These findings suggest that bFGF 
released from SGMs induces rapid neovascularization at 
an early stage after injection. 

The study on subcutaneous injection of SGMs immo- 
bilized with either an adipogenic factor or combined an- 
giogenic and adipogenic factors cleariy showed the 
possibility of adipose tissue formation (Figs. 7 and S). 
Among the groups studied, the largest amount of adipose 
tissue was observed for the group that received a mix- 
ture of three different SGMs, each of which was immo- 
bilized with respective bioactive substances (group V). 
Triacylglyceroi content at the site of SGM injection in 
group V was about 1 .5-fold higher than in the group that 
received a combination of SGMs immobilized with in- 
sulin and IGF-I (group IV). This de novo adipogenesis is 
achieved by creating a microenvironment for recruiting 
endogenous pre adipocytes, which subsequendy undergo 
proliferation and differentiation. A single injection of two 
types of SGMs with two different drug release rates en- 
abled induction of the two-step biological events. 

The advantageous features of photocurable gelatin as 
a drug-immobilized matrix include (1) a controlled de- 
gree of cross-linking, which can achieved by the degree 
of derivatized styrene group in a gelatin molecule, the 
concentration of styrcnated gelatin, and the photocuring 
time, which is a determinant for the drug-releasing rate 
as well as the biodegradation rate, and (2) simultaneous 
photocuring of SG and highly effective immobilization 
of protein (the amount of protein immobilized can be de- 
termined from the formulation during microsphere prepa- 
ration, due to expected high immobilization efficacy). 



Water-soluble SG and protein, both of which are not sol- 
uble in paraffin, should exist in water phase during mi- 
crosphere preparation. Therefore, high immobilization 
efficacy is expected in principle. As for biological activ- 
ity in immobilized proteins, minor loss of biological ac- 
tivity during photocuring process may not be raled out. 
SGMs did not induce substantial damage at cell and tis- 
sue levels after the injection of SGMs without any bioac- 
tive substances into rat subcutaneous tissue (Fig. 71 and 
J). Therefore, SGMs can serve as a nontoxic local drug 
delivery system with easy control of drug immobilization 
and drug release characteristics." 

Although the application of this two-step method for 
pharmacologically stimulated de novo adipose tissue for- 
mation is effective, further improvements are required be- 
fore clinical application of this system. One is to suffi- 
ciently increase the amount of newly formed adipose 
tissue to meet the requirement of soft tissue augmenta- 
tion and the other is to reduce local fibrosis around in- 
jection sites, which occurs with de novo adipogenesis. 
Further studies need to be conducted not only to mini- 
mize side effects, but also to maximize the amount of 
newly formed adipose tissue for soft tissue augmentation. 
These include optimization of the amount of angiogenic 
and adipogenic factor, dmg release rate, and local in- 
flammation control. 
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DE NOVO ADIPOSE FORMATION IN A VASCULARIZED 
ENGINEERED CONSTRUCT 



ROBERT L. WALTON, M.D., F.A.C.S./ ELISABETH K. BEAHM, M.D.,'^* and LIZA WU, IW.D.^ 



Whiie the field of tissue engineering is a burgeoning one, progress with fat engineering fias lagged, due in large part to problems associated 
with nurturing and sustaining this unique tissue in vivo. In a pilot study using an Bxperimental rat model, we induced liponeogenesis with a 
combination of Matrigel and basic fibroblast growth factor in an fibrovascular scaffold, isolating the construct to a pedlcled blood supply (the 
superficial inferior epigastric vessels) via a silicone housing, creating an engineered three-dimensionaf adipose tissue construct. Adipose 
tissue and vascular ingrowth were assessed histologically and followred by serial study at 4-wBBk intervals for 16 weeks. We demonstrated 
persistence of shaped adipose tissue constructs over time, and postulate that Incorporating a vascular supply may enhance the durability of 
experlmenfaily induced fat cx>ns<ructs and potentially provide a means for rrlcrosurgical transfer of the construct. © 2004 Wiley-Liss, Inc. 
Microsurgery 24:378-384, 2004. 



The transfer of autoiogous fat alone would seem to be 
an ideal reconstructive solution for defects characterized 
by loss of soft-tissue volume. Unfortunately, experience 
with free fat grafting to date has been largely disap- 
pointing. The grafts becoine progressively absorbed over 
titne, fibrous tissue replaces the original fat cells, and 
there is limited proliferation of the graft.'-' This is not 
surprising when one considers the critical role that blood 
supply plays in the survival of transplanted fat. The 
amount of free fat that can be transferred to fill a defect 
is limited because of the lack of sufficient blood supply 
to nourish the graft during the critical period immedi- 
ately following transfer. In this context, vascularized 
autologous fat grafts have considerable advantage over 
conventional fat grafts for reconstruction of large de- 
tects, because the blood supply is intrinsic to the graft. 
Unfortunately, large vascularized fat grafts have limited 
donor sites, and harvest may produce considerable do- 
nor-site deformity and morbidity. 

An engineered fat construct having its own blood 
supply could potentially circumvent many of the current 
pitfalls of large-volume fat grafting. Precisely, scaffolds 
and/or molds could render size and shape of the con- 
struct, an intrinsic blood supply isolated to an identifi- 
able vascular pedicle would provide sustenance, and the 
donor-site deformity would be minimal. Tliis technology 
would have widespread clinical application, particularly 
in the area of breast reconstruction and the recon- 
struction of other soft-tissue defonnities. 
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Current strategies for in vivo tissue engineering of fat 
have pursued two general pathways: cultured or isolated 
adipose cells or precursors are transferred to tissue sites, 
or de novo fat fortnation is induced by altering the tissue 
microenvironment,"*"^'^ In previous studies, we demon- 
strated the feasibility of engineering a fibrovascular 
stroma to an alloplast scaffold in vivo, and successfully 
transferred this construct microsurgically (Fig. l).'"^'" 
In the current study, we sought to induce liponeogenesis 
in an engineered fibrovascular scaffold, therefore iso- 
lating the construct to its own pedicled blood supply. 
We postulate that this approach will enhance the dura- 
bility and growth of the experimentally induced fat and 
also provide a means for its transfer. 



IVfATERIALS AND METHODS 

Athymic rats were used in the experimental model, 
so that the cellular and humoral responses to the allo- 
geneic inducer agents could be minimized. All animal 
procedures were conducted under the guidelines and 
approval of the University of Chicago Institutional 
■Animal Care and Use Committee. Anesthesia was in- 
duced with ketamine/acepromazine (0.001 ml/g) by in- 
traperitoneal injection for all experitnental operative 
procedures. The procedures were performed under strict 
sterile surgical conditions. 

The superficial inferior epigastric vessels of each 
animal were exposed through bilateral groin incisions 
and atrautnatically dissected. A standardized weight 
(0.02 g) of teased polyglycolic acid suture fibers (Dex- 
on®) was placed adjacent to the vessels lo serve as a 
biodegradable scaffold. The fiber/vcsse! composite was 
then isolated between leaves of flat silicone sheeting (1,2 
X 1.2 cm^) and secured with surgical clips (Fig. 2), In a 
separate group, dome-shaped molds (1.7 x 1,7 cm") 
carved from block silicone were utilized to engineer 
constructs of greater volume (Fig. 3). Control animals 
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Figure 1. Vascularized alloplast construct. Fibrovascular integration 
of expanded polytetrafluoroethylene scaffold at 3 weeks. Advancing 
edge of fibrovascular growth (arrows) is seen arising from inferior 
epigastric pedicle (asterisk) on parous polytetrafluoroethylene scaf- 
fold (S) (after Walton and Brown'°). 




Figure 2. Flat construct (diagramatio representation). In six experi- 
mental constructs, compomte was Isolated between two leaves of flat 
silicone sheeting. 



received no further treatment, A total of 12 animals was 
utilized for the study, with two experimental prepara- 
tions per animal (one for each set of superficial inferior 
epigastric vessels), for a total of 24 preparations. Eigh- 
teen preparations were experimental with 6 flat (sheet 
preparations) and 12 (dome constructs), and the re- 
maining 6 (4 dome, 2 flat) were controls. 

In the experimental group, two combinations of drugs 
were injected into the scafTold/vessel complex housed 
within the silicone barriers as follows: Matrigel (10 mg/ml, 




Figure 3. Dome construct (diagramatic representation). In 12 ex- 
perimental constructs, the composite was isolated in a larger volume, 
dome-shaped carved silicone housing (1.7 x 1.7 cm^). 



Table 1. Fibrovascular Proliferation" 



Time (weeks) 4 8 12 16 20 

Control H- + + - - 

Matngel ++ ++ ++ + 

Matngel/BFGF ++ +++ +++ +++ +++ 

'All early specimens revealed some librovascular ingrowth, which was far 
greater irt the Mairigsl/oFGF constructs. 

0,2 ml volume; Becton Dickinson Labware, Bedford, MA) 
alone, or Matrigel and bFGF (100 ng/100 fi\, 0.1 ml vol- 
ume; R&D Systems) combined, utilizing the ratio found 
successful in prior studies.^'' "^ Following injections, the 
groin incisions wcvc closed with 4-0 nylon monofilament 
sutures and dressed with antibiotic ointment. 

The animals were housed separately, fed normal chow 
and water ad libitum, and weighed weekly. The constructs 
were reexamined at 4-week intervals for a total of 16 
weeks. Selected specimens were harvested at each interval, 
weighed, and subjected to hematoxylin and eosin (H&E) 
staining, and Oil red 0 (ORO) staining. Adipose growth 
and vascular ingrowth were assessed photographically 
and graded qualitatively. The qualitative 0—3 scale for 
vascular ingrowth was determined by the total number of 
vascular structures on three randomly selected areas of 
slides per low power field (LPF) by a blinded histologist. 
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Table 2. Fai Proliferation* 


Table 3. Percentage of adipocytes"" 


Time (weeks) 


4 8 


12 16 20 


Matrigel/bFGF (N = 6) Matrigel (N = 6) Control (N = 4) 


Control 






66,43-79,42% (72.93%) 2.34—7,02% (4.68%) 0-0.56% (0.26%) 


Matrigel 
Matrigel/BFGF 


++ +++ 




'Three images per sample were ulilUed, seclions cenlrally through and on 
either side of the vascular pedicle to express adipose conlent of constructs 


'No fat growth was noted in the controls, ai 
noted with the Matrlgel-alone preparation, vi 
the Matrigal/bFGF constructs. 


rid only minimal (at growth was 
■hile significant fat vms noted in 


as percentage of adipocytes as function of area (in microris). 
^Dome-shaped constructs, 3 images per sample, 200k- magniticalion. 






Table 4. Adipoi 








Area of fat (;im^ 


Total tissue area Uits?) % fat 


Matrigal/bFGF, N = 
Matrigel. N = 6 
Control, N = 4 


6 


2.67-2.81 E + 06 

(2,74E + 06) 
0.10.46E + 06 
(0.15E + 06) 
0 


4.2S-7.07E ± 06 52% (38-66%) 

(5.28E + OS) 

1.28-3.26E + 06 8% (4-11%) 
(1,84E + 06) 

0 0 



'Areas of adipose tissue relative lo tolal cross-seclional are of construct tissue 
'Exclusive of vascular pedicle, dome, cxmstructs, 4x objective: 1 pixel = 1.85 (itrr^). 



As we were specifically looking at adipose tissue in- 
growth, histology and histomorphology may be consid- 
ered more accurate than weight (fibrous tissue is often 
objectively heavier than fat per given volume), and as 
such, these measures were used to address adipose in- 
growth. The percentage of adipose tissue in each con- 
struct as a function of total tissue area was calculated by 
examination of the central cross-sectional area of each 
construct (exclusive of the pedicle, calculated in p.m^) 
(Table 3). The percentage of adipocytes from each prep- 
aration was addressed by calculating adipose cell counts 
from digital images of magnified histologic sections 
(Nixon 1X70 microscope and Hammamatsu camera 
c5810, image size of 640 x 483). Three histologic sections 
images per construct (one centralty, and two adjacent 
measures equidistant from the centra! cross section were 
examined; Table 4 and Fig, 9). 

RESULTS 

Fibrovascular Growth 

All week 4 specimens revealed fibrovascular in- 
growth that stabilized at 8 weeks. There appeared to be 
no difference in degree of fibrovascular ingrowth be- 
tween the Malrigel-only preparations and controls. The 
degree of fibrovascular growth was qualitatively greater 
in the Matrigel/bFGF constructs (Table 1). Residual 
Dexon fibers were observed in controls, but none were 
apparent upon serial sectioning of the more vascularized 
Matrigel/bFGF constructs (Figs, 4, 5). 

Liponeogenesis 

No fat was observed in the control group at any 
interval (Table 2 and Fig, 6A), Minimal fat proliferation 



was noted with the Matrigel-alone preparation (Fig. 
6B), Significant fat was noted in the Matrigel/bFGF 
constructs. These findings were consistent in both the 
flat and the dome constructs (Fig. 6C,D). Fat durability 
and fat growth were demonstrated early in the Matrigel/ 
bFGF and persisted. This appeared to be independent 
of the age of the animals. Comparable fat growth was 
seen in the 6-week, as well as the 1 6- week experimentals. 
Qualitatively it appeared that fat volume related directly 
to the configuration of the silicone housing. The dome- 
shaped molds resulted in larger, qualitatively more vo- 
luminous, three-dimensional fat constructs (Fig. 6C,D). 

H&E staining demonstrated that the fat prolifera- 
tion noted in the constructs was histologically mature 
vascularized fat with normal architecture (Fig. 7), Oil 
red O staining of the construct demonstrated cyto- 
plasmic lipid deposition characteristic of mature fat 
cells, and this was noted to be strongly positive on 
higher magnification (Fig. 8), No residual Dexon fibers 
were noted. The percentage of adipose tissue in each 
construct was marked greater in the matrigel bFGF 
preparations (Table 3), as was the percentage of adi- 
pocytes (Table 4 and Fig. 9). 



DISCUSSION 

Over the past 10 years, tissue engineering has 
emerged as a multidisciplinary field focused on the 
developinent of functional constructs of living tissue. 
Prototypes of skin, cartilage, bone, blood vessels, and 
other organs have illuminated the biomedical landscape, 
and some have even made their way to the bedside, " 
While the field of tissue engineering is a burgeoning one, 
progress with fat engineering has lagged, due in large 
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Figure 6. Evidence of fat proliferation. A: Control. In vivo preparation reveals absence of fat growth. B: Matrigel-only preparation. Minimal fat 
proliferation is noted. C, D: Matrigel/bFGF preparation. Significant tat growtti is noted in both flat and dome housing. Qualilatively it appeared 
that fat volume related directly to configuration of silicone housing. Dome-shaped molds resulted in larger, qualitatively more voluminous throe- 
dimensional tat constructs than flat constructs. 
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Figure 7. Fat analysis I. H&E staining demonstrates that fat pro- 
liferation noted in this hAatrigel/bFGF construct is histologically 
mature vascularized fat with normal architecture (x50). 



part to problems associated with nurturing and sus- 
taining tliis unique tissue in vivo. 

A traditional metliod of tissue engineering relies on 
harvesting a small amount of tissue, multiplyinji the cells 
in culture, and transplanting the new cells lo a target site 
where they will perform the desired functions. To date, 
investigations that applied this approach to fat have 
largely focused on manipulating adipocyte growth and 
differentiation, and were conducted on dedicated cell 
lines derived from cell culture. Technically, mature 
fat cells with large amounts of cytoplasmic lipid are 
notoriously fragile, and do not withstand manipulation 
or transfer well. The fat precursor cells (preadipocytes) 
are more resilient and have been the preferred cell type 
for study. Preadipocytes synthesize collagen early in 
their differentiation, and this may be an autocrine signal 
for terminal differentiation. Mature fat cells can un- 
dergo de novo lipogenesis and lipolysis as a result of the 
influence of a number of different regulatory enzymes 
and proteins related to energy metabolism. The regula- 
tion of preadipocyte differentiation may be similarly 
influenced, suggesting that multiple hormonal pathways 
exist for the induction of adipocyte differentiation.'*"* It 
was shown that cultured preadipocytes, implanted in a 
well-vascularized environment and under precisely 
controlled conditions, will expand and differentiate in 
vivo.'^'^'"'^" Unfortunately, the translation of this in 
vitro technology to the animal model (the next logical 
step in the engineering of a fat construct) is quite 
problematic and does not always follow a direct line of 
expectation. For example, while preadipocytes were 
successfully seeded onto a biodegradable polymer 
(PLGA) scaffold and noted to differentiate, the fat dis- 
appeared when the scaffold dissipated.' 




Figure 8. Fat analysis II. Oil rod O staining of this Matngel/bh'GF 
construct demonstrates cytoplasmic lipid deposition charactenstic of 
mature fat (x50). 



Our current understanding of the mechanisms regu- 
lating adipogenesis is still relatively limited, but suggests 
a complex series of interactions involving growth factors 
related to angiogenesis. htiibyologically. the dcvclop- 
meni of fat is codependent on the development of blood 
vessels, closely linking the two processes. The extracel- 
lular matrix (ECM) appears to play a critical role in 
many aspects of both vascular and adipose develop- 
ment.^^ A known mitogen and angiogenic growth factor, 
basic fibroblast growth factor (bFGF), was implicated as 
a key factor in adipogenesis and adipose-related angio- 
genesis and differentiation.^'*"'" When bFGF is contained 
within a gel, to optimize its biologic activity, and injected 
into tissues, adipogenesis was induced in vivo."''"'''^ The 
adipogenesis in these instances was thought to derive 
from endogenous connective-tissue stem cells, l^asement 
membrane components secreted by endothelial cells were 
shown to stimulate preadipocyte differentiation in vitro. 
When reconstituted basement membrane (Matrigel) is 
combined with bFGF, de novo lipogenesis also occurs, 
but to a greater degree than that observed with either 
bFGF or Matrigel alone. -^ -'^ It thus appears that base- 
ment membrane (Matrigel), which is comprised of type 
IV collagen, perlecan, and laminin, not only functions to 
prevent degradation of bFGF, but is also an effective 
cofactor in de novo adipogenesis.-^'-'" 

The degree of in vivo fat growth and thus the size of 
the fat constructs generated in the above studies were 
relatively modest. This may relate to the shear and 
compressive forces in the surrounding tissues that limit 
three-dimensional growth. Larger injected volumes of 
Matrigel/bFGF result in wider, but not volumetrically 
larger fat deposits. Additionally, experimental observa- 
tions in the referenced studies were made early 
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Figure 9. Percentage of adipo- 
cytes. Three represerttative lon- 
gitudinal cross sections 
(cerjtrally through and on either 
side of vascular pedicle) in 
dome-shaped constructs were 
utilized to express adipose 
content of constructs as per- 
centage of adipocytes. Data are 
presented in Table 3 (H&E pre 
parations at x20 magnification). 



(6 weeks), and therefore the extent of fat growth may 
not have been fully realized.^''"''' 

These limitations formed the basis of our study de- 
sign in which we utilized a soft, flat silicone construct, 
subject to the surrounding tissue forces, and a more 
rigid higher-profile, volumetric construct that could 
resist these potentially deforming forces. Our results 
comport with those demonstrating that adipose tissue 
can be induced, de novo, in tissue with the combined 
injection of bFGF and reconstituted basement mem- 
brane (Matrigel).-^'''^^ The greater growth observed in 
the bFGF/Matrigel constructs compared to the Matri- 
gel-alone constructs underscores the interdependence of 
these two components in lipogenesis. Our findings also 
suggest that the size and shape of the fibrovascular 
scaffolds (as determined by the silicone molds) may in- 
fluence the resultant degree of fat formation. While this 
may seem intuitively obvious, it was not previously 
demonstrated experimentally with engineered fat. 

Unique to this study was the observation that ad- 
ipogenesis was induced on an engineered fibrovascular 
stroma that also provided a means for sustained, in- 
trinsic nourishment of the construct. While vascular 
ingrowth was noted in prior studies, none exhibited the 
degree of vascularization demonstrated here. Moreover, 
isolation of the construct to its own pedicled blood 
supply offers a basis for its independent manipulation 
and transfer. This concept of engineering a blood supply 
to a construct is relatively new in tissue engineering. In 



our model, the source of revascularization was an intact, 
flow-through vascular pedicle. Others demonstrated 
neoangiogenesis using an arteriovenous shunt prepara- 
tion.-*' The degree of vascularization in the flow-through 
preparation compared to the arteriovenous shunt pre- 
paration remains to be determined. 

The animals in this study were followed for a longer 
period of time compared to previous studies. Observa- 
tions at 16 weeks showed no substantive changes in 
histologic appearance or construct size up to that point. 
Additionally, the induction of de novo adipogenesis was 
achieved in rats of varying degrees of maturity, under- 
scoring the notion that certain stem cells, at least, retain 
their plasticity over time, therefore allowing the appli- 
cability of this technology to all age groups. This is in 
contradistinction to observations of engineered cartilage 
constructs where embryologic chondrocytes were 
required for cartilage neogenesis. 

The qualitative nature of the current study limits any 
far-reaching conclusions. Ongoing investigations will 
evaluate larger constructs, in larger animals, over longer 
periods of time, and will quantify fat growth. An engi- 
neered fat construct must be as reliable as the currently 
available reconstructive options. It must be biocom- 
patibie and sufficiently stable to maintain its three- 
dimensional shape and volume over time. Concerns 
should focus on whether the fat produced is normal 
(although histological studies of engineered fat to date 
indicate this to be the case). The induced construct must 
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establish equilibrium and mature at the recipient site. 
Control of adipose differentiation, determination, and 
growth will need to focus on the nuclear underpinnings. 
The close linkage between angiogenesis and adipogene- 
sis must be carefully investigated, and most importantly, 
these engineered events must not pose an oncologic risk. 
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New Murine Model of Spontaneous 
Autologous Tissue Engineering, Combining 
an Arteriovenous Pedicle with Matrix 
Materials 

Kevin J. Cronin, F.R.C.S.I., F.R.C.S.(Plast.), Aurora Messina, Ph.D., Keiinetii R. Kiiight, Ph.D., 
Justin J. Cooper-White, Ph.D., Geoffrey W. Stevenjs, Ph.D., Anthony J. Peiiington, F.R.A.C.S., and 
Wayne A. Moj-rison, F.RA,C.S. 



The ■dulhors previously described a model of tissue 
engineeriniT in rats thai involves the in.serrion of a vascular 
pedicle and matrix material into a semirigid closed cham- 
ber, which is buried subcutaneously. The purpose of this 
study was to develop a comparable model in mice, which 
could enable generic mucants to be used to more exten- 
sively study the mechanisms of the angiogenesis, matrix 
production, and cellular migration and differentiation 
chat occur in these models. A model that involves placing 
a .split silicone tube around blood ve.s,sels in the rnou.se 
jrroin was developed and was demonstrated to successhilly 
induce the formation of new vascularized tissue. Two ves- 
sel confitiuralions, namely, a flow-through pedicle (n = 18 
for three time points) and a ligated vascular pedicle (n = 
18), were compared. Tlie .suitability of chambers con- 
.structed from either polycarbonate or silicone and the 
effects of incorporating either Matrigel eqtiivalenL {n — 
IS) or poly(DL-lactic-co-glycolic acid) (» = 18) on angio- 
gtnesis and tissue production were also tested. Empty 
chambers, chambers with vessels only, and chambers with 
matrix brily served as control chamber.s. The results dem- 
onstrated that a flo^^f-th rough type of vascular pedicle. 
ratJier than a ligatrd pedicle, was more reliable in terms 
of patency, angiogene.sis, and tissue production, as were 
silicone chambers, compared with polycarbonate cham- 
bers. Markeci angiogenesis occurred with both types of 
cjitracellulas- matrix scarfolds, and there was evidence that 
native cells could migrate into and survive within the 
added matrix, generating a vascularized three-dimen- 
sional construct. When Matrigel was used as tlie matrix, 
the chambers filled with adipose tissue, creadng a highly 
vascularized fat flap. In some cases, new breastrlike acini 
and duct ti.ssue appeared within the fet. When poly(DL- 
lactic-co-glycolic acid) was used, the chambers filled with 
granulation and fibrous tissue but no fat oj- breast tissue 
was observed. No significant amoimc of dsstie ivas gener- 



ated in die control chambers. Operauve times wci-e shorl 
(25 minutes), and two chambers could be inserted into 
each mouse. In summary, tlie author.'; have developed an 
in vivo murine model forsUidying angiogenesis and tissue- 
engineering applicarions that is technically simple and 
quick to estabhsh, has a high pateiic)' rate, ajid is well 
tolerated by the animals. {Plast. Heconslr. Suri{. 1 260, 
2004.) 



Ti.s.sue engineering has many potential appli- 
cations in all areas of medical practice.' Cur- 
rent expeiTmental and clinical models use au- 
tologous ceils seeded onto extiacellitlar 
matrices in vitro to generate tissue conslxttcLs, 
whiciT are then implanted in vivo. These con- 
structs must necessarily be ix-latively thin and 
two-dimensional, because after implantation 
the cells must survive by diffusion until tlic 
constnict is randomly \^as€iilari/ed iVom tin: 
surrounding nadve tissues.- This technique is 
useful for engineering thin structures sucli as 
cartilage, skin, and heam. valves.''"-' To generate 
truly ihree-ditucnsional tissues such as liver, 
muscle, or bone, however, a ready-niade vascu- 
lar tree is reqtiired, to prevent necrosis of cells 
that are too far away from the host tissues to 
sundve by diffusion.'" 

Two approaches to overcoming this obstirtcle 
liave been adopted. The Hrst approac:li is to 
generate vascular trees on specialized scaffolds 
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in vitro, for later in vivo transplantation and 
microvascular anastomosis." The second ap- 
proach harnesses the intrinsic ability of the 
body to generate new vessels (angiogenesis) in 
response to certain stimuli, which can, in the- 
ory, be controiled with various bioactive 
proteins. 

We previously developed an in vivo model oi: 
angiogenesis in rats, based on a microvascular 
arteriovenous loop encapsulated in a polycar- 
bonate chamber in the groin of the rat,''' 
which, when combined with a collagen matrix, 
spontaneously generated a vascularized, three- 
dimensional, fibrous tissue construct. The 
model itself, without added matrix, produced a 
slighdy lesser amount of tissue. We assume that 
this angiogenic process is associated with an 
endogenous cascade of growth factors and ma- 
trix-producing substances that suppoi t endo- 
thelia! proliferation and attract cells to migrate 
to this environment. We subsequeiitly demon- 
strated tliat, when exogenously cultured fibro- 
blasts'" or myoblasts (unpublished observa- 
tions) were seeded into the chamber, they 
survived and even differentiated within die 
construct. This model has Ils limitations, how- 
ever; ii is iccbiiicalh demanding, relatively ex- 
pensive, and time-consuming. 

To investigate the fundameittal processes in- 
volved in tissue engineering, a similar murine 
model is desirable. Antibodies and transgene 
and gene-knockout technologies are much 
more widely available for mice and would allow 
us to more extensively probe the influence of a 
number of factors involved in tissue engineer- 
ing, including growth promoters and inhibi- 
tors. Nude mice and severe combined imrau- 
nodeficient mice also permit the use of human 
tissues (notably stem ceils) in vascularized tis- 
sue-engineering experiments. A wide variety of 
mouse-derived stem cells, which can be seeded 
into tlie inmine model for assessment of their 
potential to develop into specific tissue types in 
vivo, are available. There are also signrFicant 
cost benefits with the use of mice, compared 
with other species. 

We hypothesized that a model of angiogen- 
esis similar to that in rats could be developed in 
mice, based on a vascular pedicle; when com- 
bined with matrix contained in a chamber, it 
could spontaneously generate vascularized 
three-dimensional tissue. This model would be 
efficacious for the study of angiogenesis and 
tissue engineering. 

We investigated the eflicacy of two types of 



vascular configurations, which were known to 
be angiogenic from pre^ous work, in combi- 
nation with polycarbonate or silicone cliam- 
bers filled with Matrigci or poly(DL-lactic-co- 
glycoiic acid) (PLGA). The first configuration 
involved a tied-off arteriovenous pedicle con- 
sisting of the femoral arteiy and vein, as de- 
scribed by Kliouri et al.'" for raLs. The second 
configuration involved a flow-through loop 
pedicle, as previously described by Y. Tanaka, 
W. A. Morrison, and others (unpublished 
data) . 

Materials and Methods 
Ane.Uhe.na, Animals, and Chambm 

All experiments were performed with the 
approval of the St. Vincent's Hospital Animal 
Ethics Committee, under die Natioiial Health 
and Medical Research Council (Australia) 
guidelines. Wild-type male C57BL6 mice (body 
weight, 18 to 24 g) were used for this set of 
experiments. All operations were performed 
with general anesthesia (chloral hydrate ad- 
ministered intraperitoneally, at 0.4 mg/g body 
weight). Both types of cylindrical noncoliaps- 
ible chambers were 6 mm long, with an inter- 
nal diainetei- of mm and a volume of 50 /xl. 
The polycarbonate chambers were constructed 
by the Department of Chemical Engineering of 
the University of Melbourne, and the silicone 
chambers were produced from lengths of lab- 
oratoiy tubing (Dow-Corning Corp., Midland, 
Mich.). 

Surgical Techniques 

The groins and upper legs of the mice were 
rendered hair-free with a depilatory' cream. 
The skin was then decontaminated with chlor- 
hexidine and alcohol. 

Tied-Off Arimovmous Pe.didi: Model 

The iif;rl-o(f or ligaied artei iovenous pedicle 
technique requires a vertical incision extend- 
ing from the groin crease to the knee and just 
offset from the femoral vessels, which are visi- 
ble tlirough the skin (Fig. 1). The femoral 
vessels are tied off at the knee and then dis- 
sected free from tiieir accompanying nei-ve 
back to the origin of the deep branch of die 
femoral arteiy. The vascular pedicle thus de- 
veloped is led into the lumen of a cylindrical 
chamber and anchored in place with a 10-0 
nylon microsuture. The chamber is lilied with 
matrix material (either Matrigel or PLGA) and 
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Fic. I. Diagtaniniatic representation of the tied-off arte- 
riovenous pedicle model constnicicd on the femoral vessels. 



sealed at both ends with bone wax (Ethicon 
bone wax, manufactured by Johnson & John- 
son International; European Logistics Center, 
Brussels, Relgiiun) melted with an ophthalmic 
cautery, with care not to apply the wax dii'ectly 
to the vessels. The entire construct is then 
placed in a dissected space in the groin. 

Roxv-Through Loop Pedicle Model 

This method is peiTonned with a transverse 
groin incision located jtist above the groin fat 
pad. The superficial epigastric vessels are dis- 
sected free from the surrounding tissue from 
their origin at the femoral vessels to their point 
of entry into the groin fat pad (a distance of 
approximately 1 cm; Fig, 2). There tlie vessels 
course through the fat pad, sending nutritional 
branches to the fat and mammary tissue 
around them. They then anastomose directly 
vnlh an ilioinguinal vessel (a direct branch of 
the infrarenal aorta) that pierces the abdomi- 
nal wall at the lateral aspect of the inguinal 
ligament, to enter the fat pad from the lateral 
side. Therefore, the superficial epigastric ves- 



I'l AS rfC ANi:> RECONSI KLK rriVi; SURGERY, /«)7/Urtr)' 2004 

sel.s have arterial input and venous drainage 
from both sides, which is likely to increase llie 
long-term patency rates in this niodel. The en- 
tire fat pad is then mobilized from the skin and 
underlying muscle, creadng a space into which 
the chamber will later be introduced. The first 
8 to 10 mm of the superficial epigastric vessels 
{where they are fi'ee from the fat pad) are 
encased by the cylinchncal chamber, which has 
been opened along one side to allow incorpo- 
ration of the vessels. The chamber is then filled 
With the appropriate extracellular matrix (Nhi- 
trjgel or PLGA). The chamber is sealed at tlie 
proximal femoral end and along the lateral 
spin: with melted bone wax (Ethicon bone 
wax). With care not to applv the heated wax 
direcdv to the vessels. The seal is augmented 
with two 10-0 nvlon imcrosutures. placed at 
both ends ol the lateral split, and the entire 
chambei- is anchored to the underlvmg muscle 
(with 10-0 nvlon sutures) near the origin oflhe 
superficial epigastric vessels, to prevent the 
pedicle from being dislodged during postoper- 
ative mohili/ation of the animals. .A small 
amount ol fattv tissue surrounding the vessels 
as they enter tiie fat pad is allowed to plug the 
distal or lateral esid of the chamber. This plug 
is augmented with wax sealant and the entire 




Fig, 2. Diagrammatic rcprcscnation of ihc now-tliroU£;h 
loop pedicle model constructed on the epigastric vessels. 
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construct is carefully placed in the groin, so 
that it lies in tlie dissected space lateral to the 
femoral vessels. The wounds are closed with 
metal clips. 

Mairigel 

Reconstituted basement membrane (Matri- 
gel equivalent) was prepared directly fi om the 
Engelbreth-Holm-Swarm sarcoma that had 
been grown in the gastrocnemius muscle of 
wild-type C57BL/6 mice at our institution, with 
the method described by Kleinrnan et al.'' Af- 
ter being prepared, the membrane was steril- 
ized in 10-ml aliquots mixed with Dulbecco's 
modified Eagle's medium and gentamicin (at 
an approximate concentradon of 12 mg/ml). 
Matrigel is a liquid at 4°C but gels at room 
temperature. 

PLGA 

The PLGA was prepared by the Department 
of Chemical Engineering of the University of 
Melbourne, with the particulate leaching 
method."^ In essence, PLGA is dissolved in 
chloroform and mixed with sodium chloride 
crystals of ?>O0~jJim to 400-/am diameter. After 
cvapoi-adon of the chloroform, the resulting 
scaffold is machined to the desired shape. The 
salt crystals are then leached from it. The pore 
size of 50-jLcm to 400-jLLm diameter and a poros- 
ity of 84 percent were confirmed with scanning 
electron microscopy and intrusion mercury po- 
rosimetiy, respectively. The PLGA was steril- 
ized and prewet with an adaptation of the tech- 
niques described by Patrick et al.'^ The PLGA 
was soaked in 100% alcohol for 30 minutes, on 
a nieciianical stirrer, and was subjected to 
three 30-minute washes iis sterile saline solu- 
tion, cxho on a iTuxlsanical stirrer. The PLGA 
was tiien n-ansfeiied, in a sterile Petri dish, to 
the .surgical suite for implantation. 

Ex^jerime^iUd Groups 

Preliminaiy experiments. Preliminary experi- 
ments weie performed to investigate the pa- 
tency of the two vascular configLu adons in ei- 
ther polycarbonate or silicone chambers filled 
with Matrigel. The constracts were examined 2, 
4, and 6 weeks after implantadon (six mice at 
each dme point). 

Expmmnital groups. The flow-through pcdi- 
clc/siliconc chamber construct configuration 
was selected for evaluation of the capacity for 
angiogenesis and dssue generadon in this mu- 
rifie model, No-matrix-, Matrigel-, and PLGA- 



containing constructs were assessed at 2, 4, and 
6 weeks (six mice at each time point for each 
group). 

Control groups, hi addition to the no-matrix 
control constructs, control chambers without 
blood vessels were concurrently implanted in 
the opposite groin in three animals for each 
dme point. The chambers consisted of an 
empty silicone chamber, a silicone chamber 
with Matrigel only, or a silicone chamber with 
PLGA only. All chambers were sealed with wiix 
in the same 'wa.y as for the experimental groups. 

Axse.ssmmls 

Assessment of vessel patency. Vessel patency 
was determined during microsurgical explora- 
tion and in hidia ink perfusion studies. If the 
vessel was extensively thrombosed within the 
chamber, it was usually possible to determine 
that with the operadng microscope. However, 
ascertaining definite patency was not always 
possible. Therefore, India ink perfusion studies 
were performed with each animal under gen- 
eral anesthesia, before killing. Uruler the op- 
erating microscope, the groin incision was re- 
opened and the chamber was exposed, vvilii 
care not to damage the pedicle. A laparotomy 
was performed, and the abdominal aorta was 
dissected free from the vena cava and cannu- 
lated just below the renal vessels, with fine-bore 
(30-gauge) silicone tubing. The tubingwas then 
gently flushed with heparinized saline solution, 
to ensure that the cannula was in the correct 
position. Next, a solution of netu commercial 
India ink, with 10 international units/ml hep- 
arin added, was infused undcrgcntle liarid pre.s- 
sm^e, in a pulsatile mann<,'r, until the liver of 
each animal turned completely black.-" Patency 
could he confirmed with direct observation of 
the transparent chamber, because the Indiaink 
could clearly be obsei^'cd tracking into the 
chamber along the vascular pedicle. The ani- 
mals were linally killed with alellial ovi^idost; of 
Lethobarb (325 mg pentobarbitone sodium pei- 
ml, Virbac Australia Pty. Ltd., Peakhurst, Syd- 
ney, Australia), and the chambers were care- 
fully removed; the pedicles were cut flusli witli 
their entity into the chamber. The tissue was 
removed from the chamber and weigiied, and 
the volume was estimated on the basis of saline 
displacement, 

Morphometric a.i.'sessmeni. of angiogmesis. The 
intact specimens were fixed overnight in neu- 
tral buffered formalin and dehydrated thr(iugh 
graded alcohol solutions to absolute alcohol. 




Fig. 3. Microscopic image ora wholfMTionni. preparaiKHi 
oi ihe flow-throusrii chamber contents produced dunnsr a 
period oi () weeks, showins>- India ink-perfused vessels (niaa;- 



The Specimens were (.lien immersed m meth- 
ylsalicylaLe and allowed to clear for 72 hours. 
This whole-mount preparation allowed direct 
observation of the complete vascular tree, 
which had been perfused with India ink (Fig. 3). 
Vessel volume density, which represents tlie vol- 
ume fraction of total tissue occupied by the 
\val]s and lumina of ve.s.sels, reflects the overall 
number, length, and si/.t: ol' the vessels. Densit)' 
was csiimaicd slcrcologicaliy for all new vessels, 
excluding the large vessels of the primary vas- 
cular pedicle. Three randomly selected micro- 
scopic Fields were sampled at three different 
cieyjths, 200 fj.m apart (i.e., nine fields), with an 
Olympus BH-2 RFCA microscope fitted v«th a 
microcator (Heidenhain MT-12; Olympus A/S 
Denmark, Glostrup, Denmark) and a X20 ob- 
jective, h'nages of X1500 final magnification 
were captvired on amonitorwith avideo camera 
(Panasonic wv-cl700, Oi>'mpus Australia, Mel- 
bourne, Australia).^' Care was taken to ensure 
that none of the fields included the large vessels 
of the primary vascular pedicle. If such a field 
was randomly selected, it was rejected and an- 
other field was cfiosen. The monitor images 
were overlaid wth a square lattice grid. The 
number of dmes that vessels contacted the in- 
tersections of the vertical and horizontal lines of 
the lattice (the lattice points) was recorded and 
expressed as a percentage of the total number 
of lattice points cjvertying the specimen. 

Tissue morphological assessmenUs. The speci- 
mens were processed for histological examina- 
tions by being embedded in wax. The wiix 
blocks were sectioned at S-jtim thickness and 
were stained with hematoxj'lin and eosin in a 
standard manner. The stained sectioii-s were 
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morphologically evahtated in terms of angio- 
genesis and the cellular characteristics of (he 
newly generated tis.sue. 

Statist ical A nalysas 

When appropriate, results were analyzed 
with one-way and tivo-way analyses of variance 
(SPSS for Windows, version 11.0; SPSS, Inc., 
Chicago, 111.). The patency rates (categorical 
data in 2 X 2 tables) were analyzed with Fish- 
er's exact test (StalXact 4 for Windows; Cytel 
Software Corp., Cambridge, iVIass.). 

Results 

Operative. Times 

The operative times were similar for the two 
vascular configurations. The ligated pedicle 
group required an average of 23 minutes for 
completion of the procedure, whereas the 
flow-through pedicle group required 25 min- 
utes, not including control chambers. If uvo 
chambers were constructed for the mouse, 
then the overall operadve time was increased 
by 5 to 10 minutes. This is substantialiy less 
than the average time per procedure in the rat 
microvascular loop model (approximately 90 
minutes). 

Patency Rales 

Preliminary assessments of the vessel patency 
rates for the two vascular configurations and 
the tVi'o chamber materials were pei"formed at 
2, 4, and 6 weeks. All of those chambers were 
filled with Matrigel. With polycai-bonate cham- 
bers, the patency rates were 25 and 77 percent 
for the tied-off arteriovenous pedicle and the 
flow-through, pedicle, rcsjDectively. This differ- 
ence was statisucally significant {p < 0.00.5, 
Fisher's exact test) . Therefore, (.>nly the now- 
through pedicle was tested in silicone cham- 
bers. There the patency rate was 97 percent; 
the increase in the patency rate, compared 
with that in polycarbonate chambers, ap- 
proached but did not achieve statisdcai signif- 
icance. It was clear from these prcliminan' I'c;- 
sults that the tied-off pedicle design was 
inappropriate and that silicone chambei's were 
superior to tlie polycarbonate ty]:)e. Tlie defin- 
itive experiments on tissue mass and volume, 
vascular density, and histological features were 
performed with the ilow-ihrough vascular pedi- 
cle in silicone chambers. 
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FiC. 1. Weight of the total chamber contents retrieved 
from ficAv-through pedicle ehambcrs containing either no 
iriatrix or Matrigel, ai 0, 2, 4, and 6 weeks (six animals per 
group) . Data are means ± standard eiTors. In two-way analysis 
of rariaiif.e, there wa.s a significant interaction between weight 
and umc for Llie two groups [F(2,30) = 12,3, p < 0.005], 
indicating signiiicantly different growtii rales for the Matri- 
gcl-filled chaniliers and the no-matrix ehambeis, The (^-week 
time point was excUided from this analysis. 

Tissue Mass and Volume 

The t.oi.al weight of tissue present in the 
chambers containing no matrix with the vessels 
was rnininial. The weight increased between 
clay 0 and day 14 (/) < 0.05) but remained 
constant thereafter (Fig. 4), The Aveight of the 
contents in the Matrigel-containing chambers 
decreased during the first 2 weeks, because of 
resorpdon of the Matrigel, but increased from 
4 to 6 weeks, commensurate with the groivth of 
angiogenic dssue, extracellular matrix, and 
other cellular infiltrates (Fig. 4). Similarly, the 
volume decreased at 2 weeks and then in- 
creased at 4 ajid 6 weeks. The mass of contents 
in the PLGA chambers could not be compared 
in the same way as in the Matrigel group be- 
cause, whereas a standard volume of Matrigel 
could be inserted into the chamber on day 0, 
tlie volume of PLGA varied considerably. Be- 
cause of its hard britde texture, PLGA needed 
to be fragmented and variably loosely packed 
into the chambers, to avoid occlu.sion of the 
vascular pedicl&s. 

ihialilatixxi Hhlological Assessments of Angiogmesii 

As,sessment of angiogenesis was confined to 
the flow-through vascular pedicle configura- 
tion, because tlie very low patency rate in the 
ligated group resulted in minimal delayed an- 
giogenesis. However, in animals in which the 
pedicle was patent, angiogenesi.'i appeared 
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comparable to that obser\'ed in the flow- 
througii group. 

Intht siluotu cliambn gioups assc sst d .u 2 
4, and b weeks, there was marked angiogenesis 
into both Matrigel and PL.GA, which diliered 
qualitative!)'. With Mamgel, the new vessels 
penetrated the enure volume ol the gel and 




FlC. 5. Hematoxylin/eosin-stained cross-section lln•ou^'ll 
a Matrii^el-lilled chamber at 4 weeks. I^Ahiiw) XUm nt the 
pedicle (arlerv. vein, and nci-ve; niagniiitalioii. \2li]. Ii 
■should be noted that adipocytes have infiitialed tin imsilioni 
the Maingej. {Balow) High-power view o( a region ol adtpo- 
cvles, sncnviiiL' a ncn plexus of India ink-ciiled capillaries 
(nia^nification, XbbO). 




Fid. (■). Mctnatoxyhii/eosin-siained longuudinal .lecrton 
through the pedicle in a control (pediekwinly) t^hamber. A 
thin iim of adipo.se tissue surrounds the vessels (magnifica- 
tion, X264). 
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were generally evenly dismbuted (Figs, 3 and 
5). With PLGA, the angiogenesis spread 
aronnd t.he periphen' of the construct, with 
fewer vessels (in some cases, no vessels) being 
obsei"ved in the central aspect. 

The control chambers containing only the 
vessels underwent a series of histological 
changes, presumably in response to the injury 
caused by dissection (Fig. 6). Angiogenesis and 
inflammator)' cells were noted but with re- 
duced extent and density, compared with find- 
ings for the experimental chambers with ma- 
trix plus vessels. The amount of angiogenesis 
was insufficient for quantificadon using the 
stereologicai technique described above. 

(hionlilalive Assessmm-ls of Vessd Volume Density 

Vessel volume densities in the flow-through 
chambers were similar at 2, 4, and 6 weeks, 
measuring approximately 45 percent of total 
rissue density (Fig. 7). There was no significant 
difference in vessel volume densities between 
PLGA and Matrigel when results were analyzed 
with two-way analysis of variance, although, as 
stated above, the distribution of vessels 
differed. 

Morpkohgical Features of Total Chavibm- Conlmts 

Mairigei. In chambers containing the flow- 
through blood vessel and Matrigel, the majority 
of the Matrigel was infiltrated with well-vascu- 
larized adipocytes at various stages of develop- 
ment. These cells seemed to have migrated 
through the matrix and sm-vived, presumably 
nourished by the newly generated vascular tree. 
A clear border was obsen'ed between native fat 
initially included with the pedicle and newly 
fonned.fat. It was evident that the newly formed 
adipose tissue increased in amount and matu- 
rity with time, first appearing in minute 
amotints at 2 weeks and almosL filling th e cham- 
ber by 6 weeks (Fig. 5). This Wt\s not evaluated 
quan ti tatively. There was a fibroblastic response 
at the extracelkilar matrix-chamber interface. 

In some mice, the native fat pads contained 
mammaiy ductal tissue. This dssue was occa- 
sionally observed in the distal part of the cham- 
ber, because part of the fat pad was used as a 
plug to sea! the distal aperture, and could be 
obseiTcd in control chambers containing only 
the vessels. In some of the animals in the Ma- 
trigel group, the ductal tissue seemed to be 
growing into the Matrigel; in others, there was 
clear morphological evidence of newly formed 
aciniu-/ducLal tissue (Fig. 8), Groups of large, 
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FiC. 7. Vessel volume densuyof tissue from flow-ilirougli 
[U'riirli- rli.'nnhfrs lillcfl wirh r-irlif'r Mninsc-I m i'[.(>A llcn- 
silJCi were similar at 2, 4, and 6 wcck.s. Daia arc iiicavis ± 
standard errors. 




l^^G. 8. I-Iematoxvlin/ttOsin-slainKd sfttLion taken fVoiii ;i 
Matrigel-filled chamber at 4 weeks. {Aixmc) Ducral ri.ssue with 
fiocculcnt jTUtterial in iht: lumen (magnification, y.bhi)). {lit-.- 
low) Acinar nssnc (magnificaLioii, XlSSfl)- 



angular, eosinophilic cells resembling acinar 
tissue cotild be observed around irrcgtilar lu- 
mina, which contained flocculent material and 
were often associated ivith the accumulation of 
polymorphonuclear cells. The.se findings sug- 
gest that the Matrigel-filled chambers are capa- 
ble of supporting the development of epithe- 
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lial tissue in \i\'o, as well as fat. To our 
knowledge, this phenomenon has not been 
preA'iously reporLed. 

PLGA. PLGA promoted a predominately fi- 
Ijrous foreign-body reaction. At 2 weeks, large 
areas of the PLGA remained ruidissolved and 
with little tissue ingrowth. The relative amounts 
of PLGA decreased with dme as the amounts of 
tissue ingrowth increased; howevei", at no time 
was the PLGA completely dissolved (Fig. 9). 
Fibroblasts and muldnucleated giant cells were 
the predominant cells obsen^ed both peripher- 
ally, where the matrix lay against the chamber 
wall, and centrally, within the substance of the 
matrix. No adipose tissue or breast ductal tissue 
was evident. 

Control chambers. The morphological ap- 
pearance of the control chambers with neither 
matrix nor vessels was unremarkable. The 
chambers were noted to be filled with fluid, 
which did not appear to clot. Smears of this 
fluid were generally devoid of cells, except for 
occasional dead or dvuig uiflammaton' cells. 




rrXJA-niletl diambei- al Ci weeks. {.Abme) Ailijiot^cnic and 
librniis Jrirpisrii-bodv reaction (magniticauon. Xl.-ii). {Bidtmi) 
IjiilJe, mtiitimick'.aied, s;ianl rclLs lininjj Pl.t<.\ rraijnK-nt.'i 
.siimjiiiitlcd bv India ink-niltd c:apillaiics (uiaHiiincatioii. 
XiaiJO). 



Similarly, the chambers that contained matrix 
only (Matrigel or PLGA) occasionally con- 
tained inflammatory cells but there was no cel- 
lular ingrowth or angiogenesisfroni outside the 
chamber. 

Discussion 

In this study, w-e developed a murine version 
of the rat model of vascularized dssue genera- 
uon that was previously developed at our insd- 
tudon.-''''^-' In the rat model, the contralateral 
femoi-al vein is used as a graft to create an 
arteriovenous loop in a rigid chamber in the 
rat groin. This model has been successfully 
used but is technically demanding and dme- 
consuming. Development of a murine model 
would allow better access to antibodies and 
transgenic technologies while reducing exper- 
imental costs. 

Creating a microvascular loop in mice is im- 
practical because of the tiny si/e of the femoral 
vessels (internal diameter, 0.2 to 0..^ mm). 
Therefore, we explored two vascular configu- 
rations, namelv, a ligatcd pedicle model and a 
flow-through bipediclc model, which were 
known to be angiogenic on the basis of previ- 
ous work.'" It became apparent alter a short 
time dial flu h^audp(dKU (ondguiaiion had 
an unacceptable thrombosis rate (25 percent), 
presumably because of tlie small internal diam- 
eter of the femoi-al arterv. We were able to 
achieve a much higher patency rate bv identi- 
fying a second arterial pedicle m the flank, with 
rich anastomoses with the inferior epigastric 
artery through the groin fat pad, and dissecung 
both pechcles m a flow-through model. We 
observed that the patency rate with this config- 
uration could be further improved with tlie use 
of a softer silicone chamber. 

We demonstrated that this new model was 
capable of inducing profound angiogenesis 
into both Matrigel and PGLA. The India ink 
studies confirmed the presence of a compre- 
liensive. well-developed, vascular network with 
an extensive capillai-v bed, which was noted as 
carlv as 2 weeks after imyjlantation. In theoi7, 
diis should provide a welUfasculanzed bed m 
which cells can sumve and develop. The vessel 
volume densities, reflecting the overall num- 
ber, length, and si7.c ol the vessels, were similar 
at 2, 4, and 6 weeks with both PLG.A and Ma- 
trigel. This finding suggests not onlv thai the 
angiogenic process is largely complete by 2 
weeks but also that the new vessels are main- 
tiuned for at least b weeks. Ihis shotild provide 
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a window for l,he addiLion of living cells foi" the 
engineering of specific tissues. These observa- 
tion thai lire empty control chambers, the ma- 
trix-only chambers, and the chambers with 
thrombosed vascular pedicles remained almost 
completely inert (except for a few inflamma- 
tory cells) stiggests that a patent vascular pedi- 
cle is critical for angiogenesis and tissue gen- 
eration. The finding also suggests that the 
majority of cells that migrate mto the matrices 
do so through the vascular pedicle. These cells 
may be derived from cells that have physically 
migrated along the axis of the vessel from ei- 
ther end. of the chamber, using llie vessel as a 
conduit, from cells within the vessel wall, or 
from cells that have migrated transmurally 
from a systemic source. 

Quantitation of the mass and volume of tis- 
sue produced in this model was compromised 
when PLGA was tised as the matiix. Scjlid ex- 
tracellular matrices such as Fl ,GA and isydroxy- 
apatite must be broken into pieces and placed 
inside the chamber, with care not to compress 
the delicate pedicle. Engineering such matri- 
ces to be more compatible with the chamber in 
terms of consistency and shape might be pos- 
sible, but we wished to confirm the validity of 
the model before performing such modifica- 
tions. In the future, it should be possible to cut 
these matrices exactly to the shape of the 
chamber, with an appropriate groove cut for 
the vessels. This wotdd allow standardization of 
the exact mass and volume inserted in each 
chamber. Gel-like extracellular matrices such 
as Matrigel, fibrin, and fibronecrin can be in- 
serted preopcratively and allowed to set, facil- 
itiiting exact quantification of mass and vol- 
ume. However, these matrices tend to be 
absorbed or broken down more rapidly when 
new tissue is formed; therefore, there may be a 
net loss of mass and volume with time. If the 
matrix shifts from the periphery of the cham- 
ber because of absorption or conQ-action, then 
the advancing front of angiogenesis and tissue 
generation cannot reach the full confines of 
the chamber; the tissue can become enc.ap.su- 
lated within the chamber and be further com- 
promised with respect to exponendal growth. 
We think that a key component of the success 
of the model in generadng dssue is the semi- 
rigid nature of die chamber into which the 
vessels and matrix are implanted. The chamber 
prevents collapse and encapsulation of the 
growing dssue bud. If the mature scaffold re- 
mains intact and totally fills this space, then 
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new angiogenesis and subsequent dssue pro- 
duction should also completely fill tin; 
chamber. 

Matrigel is a matrix that is thought to closely 
mimic the composition of basement mcni- 
branes. It has been demonstrated to support 
the migradon, differendation, and growth of 
adipocytes and their precursors.---^^' This phe- 
nomenon was previously obsen'cd with nonen- 
capsulated, basic fibroblast growth factor- 
impregnated Matrigel injected subcutaneously 
into mice, using basic fibroblast growth factor 
with and without added preadipocytes. The 
presence of mature viable fat in our chambers 
when Matrigel was used stiggests this model is 
capable of supporting the migration, matura- 
tion, and possibly the regeneration of fat cells 
and their precixrsors. In serial evaluations ol' 
the chambers during the 2-week to 6-vveek pe- 
riod, it was evident that the fat progressively 
infiltrated the Matrigel, in a cone-shaped man- 
ner, from the distal lateral end of the chamber 
along the vascular axis, where the fat plug had 
been used tf) seal the chamber, imti! thcr fat 
generally filled die chamber by 6 weeks. In our 
model, unlike the subctttaneous injection 
model, fat tissue formed without added basic 
fibroblast growth factor; in the control cham- 
bers with Matrigel but no vascular pedicle, no 
fat grew. This suggests that adipogenesis in 
Matrigel with basic fibroblast growtli factoi" 
may be caused by the angiogenesis induced by 
basic fibroblast growth factor, rather than as a 
direct effect of basic fibroblast growth factor, 
although Matrigel itself contains growth fac- 
tors, including basic fibroblast growth factor. 

Several other cell t^pes were able to migrate 
into and sunive within the newly engineered 
construct, including breast epithelial ti.ssue, fi- 
broblasts, white blood cells, and mast cells. The 
fact that adipose tissue dominated die Matri- 
gel-filled chambers and fibrobla-sts/giant cells 
dominated the PLGA-filled chambers demon- 
strates that the extracellular matrix and local 
niicroenvironment exert significant effects on 
the types of tissue that form within the cham- 
bers. Therefore, it may be possible to alter die 
phenotype of the tissue produced in the cham- 
bers by altering the microenvivonment in spe- 
cific ways, as is peifomned for tissue culture in 
vitro. This model can potentially be used to 
grow specific tissue types "to order," if the cor- 
rect microenvironment can be created. Other 
possible uses of the model include studies of 
angiogenesis and experiments involving the 
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growtli of human tumor cell lines in immuno- 
deficient mice. 

CONCLUSTOMS 

Wc have developed a valid model of new 
[issue generation in mice that is comparable to 
the rat model already being used in our insti- 
tution. The new model is technically simple 
and quick to establish, is reliable, is inexpen- 
sive, and allows tivo cliambers to be inserted in 
each animal. It should allow the study of~ an- 
giogenesis and three-dimensional vascularized 
tissue engineering and might also have appli- 
cations in other fields of study. 

Wayne A. Morrison, FJIA.C.S. 

Bmiard O 'Brim Irisiituta of Microsurgery 

42 Filzroy Street 

Fiiznry, Victoria 3065, Avslralia 
morrisiua@svhyn. org. au 
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